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“1’hc  ovel-all  objective  of the proposed effort is to develop a Jexihlc  microactuator based cm
tailored films of lead lanthanum z.irconatc titanat c, P] .7,’1’ (depositecl on flexible substrates) and to
demonstrate a multifold enhancement in its force/ctisplacemcnt  capabilities, compared to those of
the current state-of-the-art actuators based on bulk ceramic materials. ‘1’hc efTort will be
especially aimed at realization and demonstration of the promise of high efi]cicncy  actuation of an
opt imized thin film based bimorph  structure by cwliczct-less oj}licd divafiot~ in addition to the
conventional electrical actuation mechanisms.

Flexible microactuators are envisioned by depositing tailored thick (- 2-10 micron) films
of active materials on judiciously chosen, sti-ong, flexible (polymeric) substrates. Such flexible
microactuators would enable a new generation of non-silicon based microclectro-  mechanical and
micro-opto-mechanical  systems where the actuation will not be restricted by the clamping M_ect
due to the rigid substrate as in the current silicon based micromachined  structures. Also in the
current micromachined  structures, the actuation force out of the structure is limited by the
thickness to which the micromacbincd structut  es could be grown lkposition  of tailored
picz,occramic  thin films on flexible substrates would substantially eliminate the substrate clamping
eflect and thicker films can be deposited by high rate deposition processes, leading to mobile
elements with substantially higher force to input power ratio. 2’})c key technical challenge is to
obtain a tailored P1.Z’I’ film well adhcr-e(t to a suitable flexible substrate. ‘l’his will bc addressed by
a three pronged approach: (a) dcvc]opmcnt  of a process to deposit piczoceramic  thin films on
high tcmpcraturc polymeric substrates (such as ]~oly[>cllzo-oxazole)  (b) lowering of crystallization
tcmperatut-e  of PI .ZT and (c) delaminating films from high temperature substrates for thcir-
subscqucnt  ‘lamination’ onto flexible substrates such as mylar/kapton, Furthermore, optimization
of the material with respect to its defect density, absorption cocflicient,  optical quality,
spontaneous polarization clirection,  and bimorph geometry could lead to a substantial (up to two
orders of magnitude) enhancement in the photoactuation  cfllciency  and thereby allow exploitation
of the full potential of the optical actuation cflcct  for photonic  control of mechanical motion.
Such a flexible, optically triggered microactuator would eliminate the need for an on-board
electrical energy source, and open up numerous possibilities of small, light-weight, deployable,
optically triggered, contactlcss  actuators, and e.vcn solar power driven advanced mobility. Proof-
of-concept dcmonstrat  icm of flcxib]c  act uators in year 1 and demonstration of the potential of the
sclcctcd  DARPA application in year 2 is the f[mus of this proposal.

Flc.rih)c  micromtuators  cmstitute 0}1 etlubli)~g tcchmlogb’  for insect -explorers (a ncw
class of small vehicles with advanced mobility emulating, the small and agile characteristics of
insect mobility combined with dcdicatcd  sensing ability ) In turn, due to their promise for
exploration of diflk.ult, hard to reach terl-sin, insect explorers will bc ideal for a variety of
applications including law enforcement, inspection of hazardous environment, search and rescue in
disaster areas such as earthquake sites ctc, Additionally such flexible microactuators will bc usefid for
high precision surg,cry, optical micr-opositioning, solar tracking actuator/sbuttcr,  direct corrective
control in adaptive optics/interferomctry, and photophoncs.
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1. INTRODUCTION:

1.1 Nc(xI for flmiMe microactuation:

“1’hc emerging field of micro-electro-mechanical  systems (Mflh4S) and n~icro-opto-
mechanical systems (MOMS) holds a promise of revolutionary developments for 1)01)
applications ranging, from autonomous mobility platforms (micro- ~Jnnlannect  Aerial Vehic]es),
meclical diagnostic tools to petaflop  computing, On the other hancl,  NASA’s vision of fllture
microspacecrafl  entails reduction in size of all spacecraft components by orders of magnitude. A
breakthrough in actuation technology is required to obtain sL]ch size reduction for the next
generation DOD and NASA micromobility  applications, in the commercial application area, there
is an urgent need to miniaturize the size of end-effecters on the medical diagnostic tools such as
micro-catheters or endoscopic  manipulators, to enable minimally invasive surgely  without
compromising the mobility and flexibility.

1.2 Advanced Mobility:

In-situ, autonomous exploration and intelligence gathering from surfaces, subsurfaces, and
environments for a variety of application scenarios will benefit from a totally new class of
exploring vehicles: small in size, nmbilc ancl agile like insects, equipped with dedicated
micro sensors, 1.arge numbers of such inexpensive, and therefore dispensable, explorers would
supplement the functions performed by traditional exploration modes. l~urthermore,  their
dedicated sensing fl]ncticms  and small size would bc invaluable in hazardous or CIifl;clllt-to-l-cacl]
territories for scouting missions. One approach for realization of such vehicles is evolutionary:
thl”ough  the miniatul-ization of existing wheeled vehicles. Another approach which might offer
significant actvanta~{es,  especially  when traversing unusual  and difi;cuh terrain such as loose
granular surfaces, is to imitate the mobility attributes of insects. Mimicking biology, such
artificial insects may possess varied mobility modes: surface-roving, burrowing, hopping,
hovering, or flying, to accomplish surface, SUbSUlfaCC, and atmospheric exploration. ‘]’hcy would
combine the functions of advanced mobility and sensing with a choice of electronic and/or
photonic  control, Preprogramrncd  for a specific fLmction,  they could serve as “no-up]ink,  one-
way communicant ing” beacons, spread over t hc exp]orat ion site, looki)~g.for  ihc object  of M-mW.



Figure 1

A breakthrough in actuation tccbnology  is required to realize the variety of advanced
mobility mechanisms for such “insect explorers”. F/e~iMc  nlicroacfnators  mnsf pmvidc a higk
s t r a i n  44nd  force conlhinfltion  witk low power  4w4Lv14n@i4tn, and  ttti4st work over wide
tct}i])crflt14rerattges.  Figure 1 illustrates four difkrent kinds ofinscct  explorers/in-situ explorcrsl
emulating biological mechanisms:
A, M~]]ti]>od craw] crsforsl]rface exj]loratioIls J~lancl]vcrir~g  t]~ro~]g}~sofi  soi] and difficult lerrain,
aclaptive  to the environment,
B. [lilia~/ Flagellar l~xplorers  for~lavigatiol~ tl]lot]gll flt]ids(f()rc.g,  underwater exploration
for Naval applications)
{;. hopping  Mechanisn~s forsLlrface andaerial  ex]~]o]-atior]
1). IIovering }ixplorers forawialcx  prora t ion

Flexible microactuators that could be addressed/controlled optically and/or electrically
would bc an enabling technology fbr insect -explorers. in turn, due to their promise for
cxp]oration of difkuh,  hard to reach terrain, insect cxplomrs  will bc ideal  fo]- a variety of
applications including law enforcement, inspection of hazardous environment, wad and rescue in
disaster areas sL]ch as earthquake sites, Additionally such flexible manipulation could also be used foI-



high precision surgery, optical micropc~sitioning,  solar tracking actuator/shutter, direct  conective
control in adaptive opticshterferometty,  and photophones,

2. 11A CKGROIJNI)  - ZYI,W’1N6’  ART

Po]ymeric actuators2 based cm polyvinylidenc  difluoride  (PVlllI’) a n d  polynwthyl-
mcthaclylate  (PMMA),  although proven for tactile sensing and some high strain applications,
have been used with limited success for mobility apj)]ications due to their limited force capacity
and restricted temperature range of operation and therefcme  limited cyclability. Some rccents”4
work on isodactic  PMMA has reported high displacements, although the exact nature of the
observed effect (coulombic  or electrostrictive)  and its cyclability with temperature, are matters of
continuing research. q’herefore,  its potential for providing high strairdforce  combination and
uscfhl work over a wide temperature range is unclear, ionic conducting polymer gel fi]ms (10};)
discovered by Oguro et als in 1992 have received substantial attention to-date6’7.  However, the
response speed of these actuators is rather slow (several seconds), the drive current is high,
temperature range of operation is limite(i,  and they work only in aqueous meciium. There is a
need for flexible microactuators that could provide a high strain and force combination for low
power consumption, and could operate ovtv a wide temperature range for the variety of
advanced mobility applications identified above.

.?. PIEZOCI;RAMIC  11.IXIII1.E MICROA  CT(JA TOR,V:

3.1 WIIy piczoceramic  filnls/Illicroact  llalors:

~’able 1 presents a comparison of the cliflerent  actuation technologies and illustrates why
piez,oceramics  are the leading candidate, especially when dimensions shrink ami approach those of
thit]  films, where properties are generally tailorable  by fine composition control ‘1’hin film growth
techniques through their close control on composition allow a much finer contrc)l  of hysteresis and
aging properties. ]n particular, the lower holding power requirement by piezoceramics  makes
them attractive over magnetic actuators which suffer from the need for significant heat
dissipation. With size reduction, the energy absorbed by piczoccramics  could bc up to over two
orders of magnitude higher8 compared to electrostatic and magnetic actuators (J~igure  2). This
higher density is attributed to the higher dielect]-ic constant and the dependence of the breakdown
field as a function of thickness~  Furthermore, piezoceramics  offer the potential of solar driven,
tethcrless  mechanisms since they can bc actuatcdg-l  1 directly by optical illumination (350nm to 450
rim). Piez.ocerarnic  actuation is potentially robust, amenable to low temperature (deep space)
operation, and intrinsically radiation-resistant. in ad(iition, their ability to be batch-produced by
thin fiim manufacturing techniques on iargc substrate areas offers convenience and cost
effect iveness,



WHY PIEZOCE.RAMIC  ACTUATION?
(AS WE SCALE DOWN TO THIN FILM PIEZOCERAMICS)
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PIEZOELECTRICS  REPRESENT A LEADING CANDIDATE FOR ADVANCED MICROACTUATION
“ Wdh amplification techniques (e. g. optically or ● lectrically acbvated blmorph,  flextensional  elements and combination

thereof to obtiln  double ampllficataon)

Table 1

3.2 Electrically Activated Actuation:

The electrically activated piczoccramic  actuation based cm tailored bulk materials is well
established and used in several applications. } Iowever,  the high voltage (>100 V) required for
piczoceramics  is undesirable as the actuatc)rs would scale down in size. Flexib]c microac[ uators
on the other hand based on tailored thin films (- 2 micron thick) deposited on selected flexible
substrates promise substantially higher (-- 20 tinm) energy density (figuIe 2) compared to a 200
micron thick ceramic wafer, could bc operated at 5 V to provi(ic  enhanced force per unit input
power. Moreover, due to the lower power consumption (extremely low holding current), the
ratio ofgeneratcd  force to input power for a 2 micron thick film microactuator could be -4 times
higher to that in the state of the art ceramic.
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3.3 Optically Activated Actuation:

Two oppositely poled lead lanthanum zil-conate  titanatc (1’1 .~l’), ceramic wafers bonded
together to form a piezoceramic  bimorph (as shown in fig 3a) exhibit a large photodeflection,
analogous to a piezoelcctric bimorph,  A deflection as high as -200 micron, away from the direction of
the light,  has been obtained from a bimorph -2. cm long, 0.5 cm wide, and -0.4 mm thick, when
exposed to an intensity of- 80mW/cm2. in such a deflection, a force of -10 gm is generated at the tip
of the bimorph.  in fact, 1]1 Xl’ ceramic wafers have been earlier used 1~’14 to demonstrate two diflerent
kinds of mobile walking and gripping devices based on such photoactuation in ceramics, 1 lowever the
limited photonic  energy to mechanical conversion efllciency  (- 0.1 ?40)  obtained in the ceramic due to its
poor optical quality lefl those demonstrations as mere curious experiments. 1$’l[h  the recent
cnuvgcnce of thin jilm growth tmhniqucs jbr piczmerwnic  P14ZT.fihn.v, a rww 4yymt14ni(y  1144s
arisen in Exploiting  the J1411 ptmiid of this optical 44ct1444tion  effect -f{w photonic  contro l  of
nmhmicd  nmtion,  As detailed in the next section, opt imiz,at ion of the material with respect to its
defect density, absorption cocfflcient,  spontaneous polarization direction, and bimorph geometry
(aspect ratio, etc.) could lead to a substantial (up to two orders of magnitude) enhancement in the
photoactuation efficiency. A flexible l)l.X’l’ film microactuator thus enhanced, clearly would
bypass the need for an electrical energy source, and open up numerous possibilities of deployable,
optically triggered, contactless  actuators, and even solar power driven advanced mobility.

Clearly, such mivmccd  mobilily  (c:ilicqfflqgellor nm%mlistns, nn41ti@d itl(:lj~i’orntlct .av~’lit)g
rtlec:l?~~)ti.vt)l.~)  would be tethcrlcss,  ancl either autonomous or remote-controlled. ‘1’hc prohibitive weight
and mobility restrictions due to an umbilical power cord would be eliminated. ~’he photogeneratcd
deflection could be used to directly “walk” cm the surface or to run motors for indirect locomotion.
Such tethedess optical control of advanced mobile vehicles would also be desirable for exploration of



hazardous, hard to reach  locations, as long as at least a line of sight exists. l’iezoceramic  bimorphs
provide a good trade of load versus  displacement for piezoceramics  and have been used for a
variety of applications. optically driven binmrphs  have a similar niche for applications requiring
high displacement and low load rcquircmcnt  with the added vcrsatilit  y of photonic  addressing.
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Uigure 3 compares a optically driven bimorph with a traditional piemelectric voltage
driven bimorph]s.  “rhc optically driven bimorph is poled in the plane of the substrate as
shown in figure 3a, On the other hand, the poling in a voltage driven bimorph is
perpendicular to the plane of the substrate as shown in figure 3b.
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l~igure 4 fbrther shows the track of load versus displacement for
different amplification modes  such as electrically/optically driven

piezoceramics  and their
bimmphs,  RA1N11OWS

and flex-tensional amplification techniques. O~~tically  driven bimorphs  have a niche for
applicaticms requiring high displacement and low load requirement.

4, ,WGNI17CANCE  AN]) lNN()  VA 770Al:

Flexible microactuators are envisioned by (depositing tailored thick (- 2-10 micron) films
of active materials on judiciously chosen, strong flexible (polymeric) substrates. lkiible
nlicroacluators  would p r o v i d e  a h i g h  ratio of gcncratd  force to input p o w e r  for



.

comparable  surface areas, requirwi for a variety of advanmi  mobility  applications,
potential advantages of flexible microac.tuatom  are:
- low power (low voltage operation, <5 V), low mass, low vo]unle
- high fm-ce/volume,  high force/power
- higher deflection
- flexible, miniaturizable  microactuator:  scaleablc  for MfiMS/h4C)h4S

excellant  cyclability -more than million cycles
amenable to both electrical or optical activation

Schematically fig 8b (on page 16) illustrates such a flexible actuator, It can be formed in the form
of fibres or sheets (figure 1 ) as demanded by the application.

The significance of the propostwi  work is two fold. ]Urst, the high energy density
oflcred by piezoceramic  thin films, allows up to four times enhanced ratio of output force to input
power from a single film bimorph. SC.conci,  is the promise of up to two orcbm of magnitude
enhanced deflection eflicicncy  in a piezoce~-amic  flexible bimorph when activated optically
accompanied with about two times higher ratio of output force to input power. Specifically
optical control has following advantages:

- contactless  control/renlote  control

- low power solution

- electrode-less, contact less structure

- enhanced reliability , external voltage not required (breakdown issues avoided)

- microdisplacement  proportional and cent roll able by the int ensit y of the

light energy

Such flexible microactuators  wouki enable a nc.w gc.nc.ration  of non-silicon base(i
microc.icctro-  mechanical an(i n]icro-oi)to-meci  )anicai systems wi~ere  the. actuation will not
i)c restricted by the ciamping  effect dur to thr rigid substrate as in tile cumcnt  silicon based
n~icromachined  structures. Also in the current micromachincd structures, the actuation force
out of the structure is limited by the thickness to which the micromachincd  structures could be
~;rown.  Deposition of tailored piexoceramic  thin fihns on flexible substrates would substantid]y
eliminate. the substrate clamping eflect and thickw films can be deposited by high rate deposition
processes, leading to mobile elements with substantially higher force to input j~ower ratio.

.$’. APPROA  (W:

‘l’he technical approach to develop and demonstrate flexible microactuators therefore will
aim at the overall optimizationhaximiz,ation of the extent of deflection combined with a
low power, high force capability using electrode less optical activation, “1’his will bc done
within the following five distinct workitcms  that sequentially depend on each ot}ler:



5.1 ~ptimizalion  of ]%otoactuation  in (kramic  ]Iimorph Strudure.s:  ‘l’his  subtask will
combine l’enn State’s unique capability to tailor-make ceramics with optimum doping  for the
plmtoactuation  effect and J1’1,’s  unique-expcr-tisc in high speed photoresponse investigations, thin
film device design and applications, It is known that the optical actuation cfiect (extent of the
photoddlcction  ) is a direct but complex fhnction of (1) material microstructure, crystalline
orientation, and the actual geometry (configuratiorti  structure/ dimensions, etc) of the binmrph;
and (2) the intensity, and angle of incidence of the light illumination, triggering the effect, This
subtask will consist oftbe following sub-work items:

a. Optimization of the IHl_ect: Itstablish a quantitative interdependence (and cross
correlations) among the picz,o  propcrlics,  photodeflectiorl,  and material characteristics (micr-o-
structute, crystal orientation, etc) by systematically studying the behavior of the materials with
respect to:

thickness of the ceramic wafer to verify the “penetration depth” hypothesis,
composition variation and selected dopants  to tune the wavelength response,
variation of orientation of polarization axis, and
variation of surface roughness of samp]cs to examine the absorption dependence.

b. l~easibility  Demonstration: Dctcrminc  the exact coupling factors between the illumination
(intensity, angle of incidence, plane of polarization etc and the photodeflecticm  for selected
sample geometries. A thorough and systcme.tic  StlJd~ of photoctcflection  under various
illumination conditions will not only lead to a feasibility dcmonstr-ation of the concept but will also
establish the ‘outer bounds’ of the phenomenon.

c. I;xtension  to Visible Wavelengths: The photocurrent generated in the ceramic is strongly
dependent on the wavelength under a constant intensity of illumination as reported10 earlier by
Uchino e t  al, Suitable donor dopin~, can shifi10 the peak response from 372 nm in
l)t>l~a0,03Zr0,5  z3’io,a803 to 384 mm m 0.9[Pb’l’i03]-  0.1 [1 ,a(Z,n 0,6T Nb 0,33) 03]. This peak occurs near
the absorption edge ofthc corresponding ceramic composite material. Thel-cfore, an attempt will
Im made to extend the response towards the blue color region generating less deep donor -type
impurity levels. The suitable candidate dopants  inc]lJde Mg, Ni, co, and ~LJ, Also donor doping
with (Nb, l’s, W) writh less than 1 atmo~i on the B site has been observedl  1 to enhance the
photovoltage response without ccmlpr omising on the piczoelectric  effect. For a solar powered
mobile device this will have the efl’ect  of increasing the e~lciency  by 30°/0 to 50°/0 because the
solar irradiance is maximum24 at blue wavelengths. Thus by proper selection of dopants  and
optimization of ceramics to respond to visible wavelengths of the solar spectrum the
photoactuation effect could be extended to a wider range of applications, (:crarnic compounds
such as l>brl’iOs  - l>b(A ~ WY) OS where A = Mg, Ni, [h, CLJ will be investigated. The samples
will bc plepared  by the conventional mixed-oxide method described clsewherc9-]’.

d. Separation of ~yroclcctric  and l’hotostrictive  I;ffect: I?-eliminar-y  obser-vation  of the
photoactuation  effect on typical ceramic bimorphs  has indicated that conseclucnt  to light
illumination at 360 nm, there is a fast response - milliseconds giving rise to - 20 microns of
photodcflection  followed by a slow increase in deflection possibly thermal in origin which leads to
-200 micron total deflection in a matter of few seconds, The approach would be to differentiate



between the two effects: electronic/electro-optic and thermal, and understand thcm better ill otdcr
to exploit the potential of the former to obtain a fast response micromobility  application.

5.2 Fabrication of lkxibk Microadualor  Strudurc: Flexible microactuator test
structures would bc fabricated by depositing tailored thin (2-10 micron thick) films of selected
composite piezoceramic  material (c. g, 1)1 ,XT) films on suitably selected flexible film substrates.
The key technical challenge is to obtain a tailored 1)1 ,~rJ’ film well adhered to a suitable flexible
substrate. This will be addressed by a three pronged approach: (a) development of a process to
deposit piezoceramic  thin films on high temperature polymeric substrates (such as polybenzo-
oxazole)  (b) lowering of crystallization temperature of I’l XI’ and (c) delaminating films from high
tcmpcratut-e  substrates for their subsequent ‘lamination’ onto flcxib]c substrates such as
nlylar/kapton:

a High I’emperature  l’olymeric Substrates:

To deposit the piezoceramic  film diwctly  onto a flexible substrate, the substrate must

have high temperature stability, high strength (Young>s Modulus - 4.9x1 ()] O N/n12), a C1O S C

match of thermal coefficients of expansion with the piczoceramic  film, and a tailorablc  crystal
orient at ion in order to provide a desiwd  temj]late for growth of oriented p] .Z”l’. I ~arlier work has
shown 16 that ferroelectric  q u a l i t y  I)ZI’ could  be  crystallized  at - SSO”~. Rccently17
polybenzoxazo]e  (~BO) has been validated at JI’I. to work well up to - 550°~ and extensively
characterized for operation at 460°~. Table 2& Table 3 proviclc the comparative clata for a
variety of substrate films and fibers. 1}1]0 stands out as the Icading candidate for its high tensile
strength, high Young’s Modulus, low heat shrinkage and coefficients of thermal expansion and
hydroscopic expansion to provide such a high temperature substrate for forming flexible
microactuators by this technique. 1’130 is a conjugated aromatic hctrocyclic liquid crystalline
polymer (MY) with a chemical st mcturc as shown in ~Ji&e 5.

— —
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CIS-PBO

Figure 5. Chemical Structure of PRO
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PROPERTY UNIT KAPTON ARAMID PET PEN PBO

FENsITY g/cm3 1.420 1 , 5 0 0 1.395 1.355 1.54——
MELTING TEMP “c NONE NONE 263 272 NoNE

GIASS TRANSITION TEMP ‘c 350 280 68 113 NONE—.
YC)UNG’S MODULUS kg/mm2 300 1ooo- 5oo- 650- 4900

2000 850 1400—.— ..— ..—— ——. _ ._. —— —.. .—_. _. ____
TENSILE STRENGT}+ kg/mm2 18 50 25 30 56-63——— —.—
TENSILE ELONGATION Y, 7 0 “ – -  6 0 - 150 95 1-2

LONG-TERM HEAT STABILITY “c ‘-“ ’230 “’ 180 120 ‘- 155 ->300
——.——— ..— .. —_ —.-—. _. .— _
HEAT SHRINKAGE (200”C x % rein) ?40 0.1 - 0,1 5-10 ‘l.5- <().1

..-.. ———. — .- ._.
C O E FF IC I EN T OF T H E R M A L

.—
ppm/°C 20 15 45 1 3 -2

EXPANSION “-.————. —..
COEFFICIENT OF HYDROSCOPIC ppml% RH 20 18 -10-” ’70 0.8
EXPANSION

————-
MOISTURE ABSORPTION

——
0 / 0 2.9 1.5 0.4 0.4 0.8

Table 2: Comparison of a variety of polymeric, films

l’hc chemical synthesis of IWO results in a 1 Cl’ solution that is processed to fiber or film by various
techniques. The high strength and superior physical properties of P130 are due to the roci-like nature of
the PBO molecule and the orientation that can bc built into the Polymer film, PRO film’s self-
rcinforcing microstructure results in a “molecular fabric” with properties comparab]c to those of
advanced, fiber-reinforced materials, but without the drawbacks of distinct fiber and matrix
components. This polymer has no melting point o]- glass transition temperature,
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PBO
HIGH

PROPERTY PBO MODULUS ARAMID

---- BE
TENSILE STRENGTH (ksi) 820 800 400-500
—— . .—. -—... . . .
TENSILE MODULUS (Msi) 25-30 40-45 10-25

COMPRESSIVE 40 65 65
STRENGTH (ksi)

—— .— .
ELONGATION, BREAK (%) 3.0 1.5 1.54.0

.— - .
DENSITY (g/cc) 1.56 1.56

IT
—-——

SPECIFIC TENSILE 525 510
STRENGTH (ksi)

_ ..- -—~+—-—---  -
SPECIFIC TENSILE 16 26
MODULUS

1,44

280-350

7-18

=~wGEN’NY-T-l--30-

kSPECTRA@
STEEL (HDPE)

250 435
.

29 I 25

CARBON
(Hl-

TENSILE)

500-700

30-40

300-400

2.0

‘ - -  H ’ -

3.5 1.5-2.0
——

7.86 0.97 1.8-1.9
—---

32 450 270-380

‘---””---r 1
.-

4 26 16-22

—..—-

r-”-”-l-

19 50-65

GLAS
(s-2)

665

12.6

>150

5.4

2.4

280

5

~“able  3: bmparative data for high performance fibers

b. Crystallization of PL~T at l.owcr Temperatures:

Rapid thermal annealing (RTA) using localized laser annealing to obtain cl-ystallizaticm of
the dcsirect piczoactivc  phase of PX”l’/l’lJZl’ at temperatures even lower than 5S0 C will bc
investigated. This will fllrther reduce the constraints on the requirements of the flexible substrate,
and widen the choice for selection of flexible substrates.

c. Lamination onto Selected Flexible Substrates:

i. JIelamination:  As an alternative technique, piez,oceramic  films deposited on the known
high temperature substrates (e.g. alumina or silicon) would be delaminated after crystallization by
controlling the adhesion of the film onto the substl ate. ‘1’hc delaminated piexoccramic  film would
then be nlounted/bonded  onto the selcctcd  flexible substrates.

ii, l’hinncd  Si/SiN Substrates: Another approach to be performed in collaboration wit}] Dr.
Susan I’rolicr Mckinstty  at Penn State is to deposit the piezoceramic  thin film on thinned Si/SiN
wafers and then bond these structures onto the flexible substrates, Iluring phase 1 the feasibility of
using micromachined  diaphragm and cantilever structures as mechanical amplifiers for thin filn~-
bascd actuators in flexible structures will be determined. ‘l’he approach taken here will be to
fabricate the piczoelectric  thin films on platinum-coated silicon substrates, micromachinc  them to
achieve n~echanically-amplified displacements, and dice out individual e]emcnts  for incorporation
onto the flexible substrate(with  no special requirements for high temperature capability). This
enables the piczoclectric  film to be processed under conditions in which Iargc piez.oelectric
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cmfflcicnts have already been demonstrated (d33 = 70-220 pJn/V, -d31 = 80 - 100 pm/V in
undopcd  J’71). It also eliminates problems associated with firing a polymeric substrate material
at high temperatures (> 5500~ in an oxidizing ambient).

An assessment of the most promising of the above three approaches will be made in phase 1 and
the most promising approach pursued in Phnsc 2.

5.3 Opfinlization of Ihc l’iczoccramic  films by M ult i-h!agnctron S p u t t e r i n g :  The
tcchniquelG  (earlier patented by Sarita  Thakoor) of l~lllltij}le-sequet~tial-target  sputter-deposition,
compatible with low temperature microelectronic processing, holds promise for deposition of films
with tailored composition and will be extended for deposition of the ll~lllticol~l}]oller~t  oxiclc
piczoccramic  films of lead lanthanum zirconatc  titanate (PIXT). “1’his  technique by providing better
mixing of the components and closer control we] the solid state chemical reactions during post-
clcposition annealing, as each individual metal layer in the deposited multilayer  stack could be
etlcctively extremely thin (even a fraction of a monolayer) provides enhanced control over the
composition of the deposited film. The parameters from this r~~l]lti-l~~agtletrotl  process can be easily
extended to the JVD process for high rate piczoceranlic film deposition patented by Jet Process
Corporation and therefore this collaboration will allow an easy transition of the experimental process to
manufacturing of flexible microact  uat or structures by J1’~’s manufacturing process,

‘1’hc film quality improvement will be achieved by combining the following:

(a) optical quality enhancement: ‘1’he defect  density in a thin film could be lowered by over
all ~rder]s.)9 of magnitude, thus reducing scattcrins losses that are common in the ceramic wafer.
Figulc 4 shows a comparison of the scanning electron microg[-aph  pictures of ceramic (figure 6a) and
optical quality (figure 6b) layers. Also the optical absorption coefficient in a thin film could be
tailored to be almost 20 YO higher than that in the hulk materials. An order of magnitude bct~cr
absorption is expected in (tic thin film compared to the ceramic wafer leading to a
correspondingly higher  cfllcie.ncy.

.% b

liigure  6: A comparison of the scanning electron micrographs  of ceramic (figure 6a) and optical
quality (figure 6b) PIXf layers,



(b) Polarization IJirecticm and intensity Optililization: Photorcsponse  from ferme]ectric  thin
films of lead zirconate  titanate (1’Z’J’) is shown207] to be maximum when the electric field vector
associated with the incident light is parallel to the c axis in the material,

PHOTOEFFECT ))

PREoOMINANTLY TOP ELECTROOE (SEMI-TRANSPARENT)
AT THE EOQES

PIEZOELECTRIC  FILM

BOTTOM ELECTROOE

TEMPLATE LAYER

(a)

o HYPOTHESIS: EFFECT WOULD BE MAXIMUM FOR NORMAL INCIDENCE OF PHOTONS
WHEN C-AXIS IS PARALLEL TO SUBSTRATE

&

(b) f
S! SUBSTRATE

J

Figure 7: (a) P~T Thin film Capacitor whet-e I’~T has its c-axis oriented perpendicular to the
substrate, (b) ~onccptua]  design of a PXT capacitor with c-axis parallel to the substrate which is
expect cd to maximize the photo effect,

]n fact, the observed small cfliect fi-om the edges of the ferro-capacitors as shown in figure  5a
(with c axis predominantly perpendicular to the substrate) was primarily attributed to the domains
which had some angu]ar variation (cst imat cd to bc in the range of+/- 10 to 15 dcgrccs) with respect to
the substrate perpendicular. Such photocfi-kcts arc kJmWn22 to exhibit enhancement by over an order
of magnitude when the alignment of the incidence E field with the c axis changes fi-om nominally 10
c]cgrces  to -- fll]]y parallel. Pkzoccratnic  P] Xl’ is also ferroclectiic  and therefore the photodcflection
eflicct  is expected to be maximum w}mn the photonic electric field is parallel to the spontaneous
polarization in the ceramic (namely, the c axis,), optimization of the angle of incidence and tailoring the
direct  ion of spontaneous polarization in the fertockxt  ric will lead to maximum interaction with photon
itlcidence  and thereby maximum photodcflection, “1’his  optimization (shown in figure 7b) will
allow design of a bimorph with another order of magnitude mhancenmd  in t+fkicncy.

(c) Optimization of the Optical Penetration 1 HTect: Since the absorption of the illumination
occurs in at the most 1 to 10 micron skin of the picwoclcctric material facing the illumination, the
photovohage generation is expccted2~  to be entirely located in this thin top skin layer, lJsing  a
film thickness equal to this penetration depth cnsul-cs that the, entire film is active. In a ceramic



typically - 200 micron thick, almost 95 0/0 of the bulk is an inactive mass to be moved. in films,
therefore significantly larger displacements are exi>ected,

Current Status (SOA) l’rojcctcd  ln]provcmcnt
Ccrarnic Bimorph single  layer film bimorph

EL]CCJRICAI. Operating Voltage 100 v 5 v
ACXIJATION
PARAMETERS

Porte Output 1 Kgm 0.2 Kg

Norm /1’Ower Ratio lx 4X
normalimd  to SOA.— — . -.——

OPTl~Al, Optical  Power 80 111~’/CIl12 8 m\?~/  CI112
A~TIJATJON
PARAMETERS I’hotonic to

Mechanical Energy
~onversion 0.1 0/0 1 % - 1 0 ” A
Efficimcy

Force  Output 10 gm 2 $@

li’o~ce fl~ow~r ]+atio lx 2X
normalized to SOA

TAFH.E 4: Flexible film microactuators,  matrix of imjn-ovcment
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ceramic Ihickness:  200 micron film thickness: 2 micron

l~igurc 8
The table 4

table are evaluated

( a ) (b)

above shows the project e(i parameters of improvement. ~’he numbers in this
based on using a 200 micron thick typical ceramic wafer as the current state



.

of the art and a 2 micron thick film as the flexible film bimorph projected to deliver about 20 times
higher energy densily  (refer fig 2). Figure  tla and figure 8b compare a ceramic bimorph and a
flexible fihn bimorph. Obtaining the optical performance enhancement will set the foundation of
photonic  control of mechanical motion,

5.4 Optical Activation Study: The exact relationship between the photovoltage,
photoddlection,  and the illumination intensity will be established to identify the deflection saturation
point and limits of the design parameters for a mobility application, The illumination sources to bc
used for these photomsponse  measurements include a 35S nm, compact Nci-Yag  laser and a short arc
(300-600nm)  mercury lamp, with a spectral line filter allowing illumination at 360nm,  {iuided  by the
results  of the work items 5.1 and 5.3 on optically actuated Stl_LICtLlleS,  thin film photostrictivc materials
will be prepared by the selec[ed techniques that provide the compositional fidelity required to permit
rapid prot otyping of the optimized compositions of P] Xl’ to form flexible microact uat ors, ‘MC
amp]itude and the speed of the photostrictive  response will then be examined on the film bimorph
versions that will be fabricated using the selected approach of 5..2. ~learly, optimization of the
flexible fim mictoactuators will be dictated by the ] csults  of the bu]k ceramic optimization (as described
in Section 5.1).

5.5 Demonstration of Advanmd Microactuation o f  a  F i l m  Bimorph:  A n
enhanced bimorph  structure (Fig. 8b) will be used to demonstrate actuation triggered by both
electrical as well as optical activation, One of the applications highlighted in Section 1 v’ill be
selected for demonstration of proof of concept. For example, to obtain the vibratory motion
electrically, the effect is obtained by applying an alternating signal,

BASIC PRINCIPLE
ALTERNATING
DEFLECTION

OF INDIVIDUAL
BIMORPH  DEVICE

11 I

BEAM 1

I

BEAM 2
r Y J-.+ ,; \ 4 .-,-,.,-s

II
,,’ I,

2 1

ALTERNAmNG  PHOTODEFLECTION OF
THE BIMORPH  WHEN ILLUMINATE
WITH  ALTERNATING LIGHT PULSES
FROM THE TWO SIDES

CRAWLER TYPE
TRANSLATIONAL
MOTION OF TWO

LEGGED BIMORP}i
DEVICE

Figure 9

The vibratory motion of the bimorph w’ill be
demonstrated optically by using a two beam
arrangement to alternately illuminate the
two sides. I’he deflection measurement will
be done using the optical spot deflection
technique and a I’olytec  ]nc (1’1) l.ascr
Vibrometer.  I’he laser vibrometer  utilizes a
Mach 7,ehnder interferometer in
conjunction with t h e  Iloppler shifl
measurements to evaluate the velocity as
well as acceleration of the deflection,
thereby allowing determination of force, As
an example of an application, the motion
sequence for a two legged crawler is
illustrated in figure 9. ]nitially light is
incident on leg #/ 2 from inside (Iefl) so it
mcndtmncls  to the right. l;ollowing  light
incidence on #l 1, makes it deflect to the



right too. In the next step light  is incident cm both legs from the right causing both to straighten
and the head moves to the right. Electrical activation can also be used similarly to obtain the
bimorph leg motion,

6. APP1.ICA TIONS :

Development of flexible microactuators which can be addressed/controlled both
optically and electrically will be an enabling technology to a variety of applications in
advanced micromobility  (micro-mobility platforms for surveillance and security),
precision micropositioning,  microchopping  (for i~l-sifu  planetary surface/environment
exploration), and active control of shape/vibration/noise in flexiblehnembrane  structures,
Furthermore, remotely controlled high-precision micro-positioning is also of significant
interest in medical diagnostics for precision treatment and minimally invasive access to the
trauma area.
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‘1’11  lC 1{01 X OF I’IJUZOCXRAM  1(: hllC;J<C)AC;’I’( JA”l’10N
lKIR AIJVANCXD  MOB] 1 J’1’Y

Sti Y ita Thakoor,  John Michael Morookian,  and Jim Cuffs
Jet Propulsion Laboratory
California lnstitutc of ‘J’cchnology
l’asadena,  California91109

This paper presents a potential role of piezocel  amic microac{uation  in micro- robotics for future
space missic)ns, e.g. unmanned sample-return missions to Mats, in search of life or cvidcncc of
prcbiotic  materials. 3’}lc focus of the papel is on the aclvancxd  mobility with the desired
characteristics of high force, displacement, ancl operability cwr a wicle  temperature range, at the
cost of lowest possible mass, volume, and power. A comparison of the various actuation
tcchno]ogics  including piezoccramic,  shape JnCnIOI-y  alloys, polymeric actuators and
magnctostrictive  materials is presented. ‘1’hc comparison sugccsts  l)iczoceramics to be the most
promising canctidatc. A concept c)f flexib]c  microactuatol’  based OJ1 tailored fi!Jns of lead
lan~hanum  zirconate titanate,  l’l.~rl’,  deposited on flexible substrates is dcscribcd. Such flexible
micl”oactuators  are expcctcd  to offer a multifold enhancement iJI the force/ displacement
capabilities over those of the current state-of-the-art actuators based on bulk ceramic materials.
of specia]  interest is the promise of high efllcic.ncy  actuation fi oJn an optimized thin film based
flexible bimorph StI-UCtLlfC  by contact-]css  optical activation, whclc the actuation will not bc
rcstl  icted by the clamping cflcct from a rig,id subs(l”atc as in the currcmt  silicon based
micromachincd  stl-ucturcs. Also in the current micl”omachincd  stt ucturcs,  the actuation force out
oftl]e  structure is limited by the thickness to which the n~icronlacl]ined  structulcs could bc g[own.
Deposition of thicker piczoccramic  thin fllJns on flexible subsl t atcs would not only virtually
clin~inate the substrate clamping eJTcct,  but also would result in
substantially higher force to input power ratio. l(lcxib]c n]icrofictuators
would form an enabling framework for a new class of small vehicles (insect cxp]orers),  with
advanccct  mobility and dedicated sensing ability, emulating the agile characteristics of insects. IJ1
addition to the space exploration, sLlch small insect explorem wilt]  their ability to explore hard-to-
rcach tcl 1 ain would bc ideal for a val-icty  of applications in law enforcement, inspection of
hazardous cnvirornncnt,  search and rcscuc in disaster areas such as earthquake sites etc.
Additionally the flexible microactuators WOLJld  also bc uscfd  for high precision surgely or
]nirlima]ly  invasive medical diagnostics, optical micropositionitlg,  solar tracking actuator/shuttcl”,
dil @ tori ect ivc cent rol in adapt ivc opt ics/int crfcromct  ry, anti phot ophoncs.

1. 1 Nq’ROIIUCYION

1,1 Advanced Mobility for ]n-situ Space exploration:

]J1.-SitLJ, aUIOnOnlOUS CXp]OratiOn and inte]ligetlce  g,athClil)g, f~ on] surfaces, subslJrfaccs, and

cJwil  onmcnts will benefit from a totally rmw class of exp]orins  vchiclcs: small  in size, nlobilc and



agile like insects, cquippcct  with (icdicxitcd  micl oscnsors. l~or example, a mission to Mar-s fbr
rctl icval of significant samples in seal cl] of life cxlincl  or extant 01 cvi(iencc of prebiotic  matel ials
could bc a target application, I ,al-gc Immbcr of such incxpcrmivc,  therefore dispensable and low
tisk explorers would supplclncnt  the fhnctions  performed by traditional exploration moclcs.
17u1 thcrmorc,  their dedicated sensing fbnctions  and small size would  bc invaluable in hazardous or
di~jclllt-to-lcacll  territories fol- scouting missio]ls, Onc approach for rcalixation  of such vchiclcs
is evolutionary: through the miniatul iz.ation  of existing whcclec] vehicles, Another approach with
significant potential actvantagcs, esllccially when travcming unusual and difllcult terrain such as
Ioosc granular  surfaces, is to inlitatc  the Inotli]ity attributes of insects. Milnicking  biology,  such
artificial insects may possess val icd mobility modes: surface-roving, burrowing, hoppinc,
hovering, or flying, to accomplish surface, subsillface,  and at mosphcric  cxp]o] at ion. “]’hcy woul(i
combine the fllnctions  of advanced mot>ility  an(i sensing with a choice. of electronic and/or
photonic  contt’o]. I’reprogrammed for a spcciftc fl]nctionj  they could serve as “no-uplink, olIc-
way cc>l~~t]~l]t~icatitl~”  beacons, spread over the cxplol-ation  site, autonomously looking fbl the
object  of interest,



A breakthrough in actuation technology is required to realize the variety of actvanccc!
mobility nlechanisms  for such “insect cxplcrrcrs”.  l;/4wiMe  mimmctnfltors  nlnst provide 44 Itiglt
disjdmmmnt  and force  conlhin dim with low power consnntption,  ond mnst work oscr wide
tmqmwtnrc  ranges.  ]Jigure  1 illustrates four diflcrcnt kinds of insect ex}~loIers/it)-sitll  explorers]

emulating biological mechanisms:
A, Mult i pod crawlers/burrowers for surface/subsurface explorations maneuvering through soil
soil and difftcult terrain, adaptive to the environment.
11. Cilial  y / l~lagcllar  Explorers for navigation thi ough fluicls ( for c,g, under water exploration
for Naval applications)
C. 1 lopping Mechanisms for surface and aerial exploration
1). I lovcring  lixplor ers for aerial exploI atic)n

Ncxiblc  microactuators that could bc addressed/controlled optically and/or
electrically would be an enabling technology for insect -explorers. In turn, duc to their
promise for exploration of difllcu]t,  hard to Icach terrain, insect cxplorets will be ideal for a
variety of applications including law cnfc)rcement,  inspection of hazardous envii  onment,
search and rescue in disaster areas such as cal~hquake  sites. Additionally such flexible
manipulation could also be used for high precision surgery or minimally invasive medical
diagnostic tools, optical micropositioning, solar tt acking actuator/shut ter, direct corrective
cent rol in adapt ivc optictihtcrferomet  ly, and phot ophones,

1.2 INSECT EXI’I.ORERS:  Kcy l~ea(urcs

A. Multiple explorers with derlica(ml  functions: Multiple  cxp]orws  would allow
wkicspread  covcragc  of a sclcctcd  cxplol-ation  s i te . ‘1’hc stringent rcquircmcnts  on
precision landing at selected site thereby would be relaxed. Their significant fllnction
would be in-situ sensing and atmospheric information gathering combined with localized
surhcc exploration a.t the landing locale of the explorer. (;on.sider the specific function
of Iifc sensing or resource scouting for mining purposes cm unexplored planets. I.ife
sensing could inc]udc sensing for prcbiotic  material such as amino acids, sensing for water
m identifying carbonates as cvidencc of extinct /extant life. lnnovat ivc stat c-of-the-art
sensors such as for individual gases, elements, specific amino acid assay, I’adiation
monitor ctc can t)c packaged in sn~al] volumes and mounted on such lniniaturc  mobile
platforms such as the insect-llxplorer, Sensing for specific gases, elements, or radiation
might suflicc for rcsourcc scouting.

11. l,ow cost, eqmndabilify  of individual mplorxws: individual explorers need to
be expendable; loss of a single cxplor-cr will  not mean loss of a whole suite of instruments.
Higher  risk exploration ofhai-,ardous  sites, and ncw site scouting can be done using these
explorers. This need for low cost insect explorers for planetary exploration becomes
specifically crucial in light of the challenge wc have for human and robotic missions
for exploration of the solar system by developing afl’ordablc,  new exploration
concepts and techniques.



c. Low n]ass/size, greater Il]ar]cll}’crability:  Advanced mobility needs to be low
mass/size opcrab]c at low power so thal such insect explorers can be easily
acconmmdatcd  in the mass rcscwcs of the n)ission and will allow cxploraticm of hard to
reach, nol really inaccessible or hazardous locations. ‘1’hc advtinced mobility mechanisms
employed will allow negotiating soft soil and II aversing over 01 around bou]dcrs

1). ~Scicnce.  return relative to the cost invc.stmcnt  would he tremendous:
IIedicatcd in-situ sensing can be achicvcd  at a vet y low cost with low risk in a widespread
area with ,g eater local access. IIoth surface/subsurface exploration & atmospheric
information gathering - is attainable by the entire swarm of cxplomrs  consisting of all
the diflcrcnt  mobility kinds put togcthel. J;urthcrnmre,  the small size allows it to
approach the subsurface through wide cracks/cl cviccs and thcmby sample non-in vasivc]y
pristine matcl ials hidden underneath.

]~ I{;llvirollllle]ltally reliable - wide temperature range of operation : ‘1’hc LISC
of Iobust  actuators with good cyclability and a wi(ic temperature range of operation is
required.

II, W.I!XIIII.E  MICl{OA CT(JA  7’01{,9:

‘1’hc emerging field of nlicro-clcctro-mechanical systems (Mf;MS) and n~icro-opto-
mcchanical  systems (MOMS) holds a prolnisc  of revolutionary dcvclopmcnts  for JIoI)
applications langing  from autonomous niobility platforms (micro- IJnmanncd  Aerial Vchic]cs),
medical diagnostic tools to pctaflop coniputing,  On the other hand, NASA’s vision of fllturc
microspacccrafl  entails reduction in size of all sj)ac,ccrafl  components by or(icrs of magnitude. A
breakthrough in actuaticm tcchno]ogy  is rcquilcd  to obtain such size reduction for the next
gene.ration 1X111 and NASA micromobility  applications. in the commercial application a~-ca, there
is an urgent need to miniaturize the si?,e of end. cfl’eclers  on the medical diagnostic t oo[s such as
micro-cathctcrs or cndoscopic  manipulators, to cnabtc minimally invasive surgery withcmt
compromising the mobility and flexibility,

11.1 (hrrcnt Status: I’lcxib]e Actuators

polymeric  actuators2 based on polyvinylidcnc  difluoride  (PVIIF) and ~~olyl~lct}~y]-rl~  ettlacl”y]ate
(PMMA),  although proven  for tactile sensing and some high strain aJq>lications, have been used
with limited success for mobility applications duc to their limited force capacity and restricted
temperature. ] ange of operation and thci efore limited cyclabilit y. Some rcccnts’4  work on
isodactic  PMMA has rcporlcd high displaccmcnts,  although the exact nature of the observed
effect (coulombic  or electrostrictive)  and its cyclability with temperature, arc matters of
continuing research. Therefore, its potential fol providing high strain/fbrcc  combination and
LI sefi]] work over a wide t ernpcl-ature range is unclear. ionic conduct in.g po] ymer gc! fihns (1(3’1;)
discovered by oguro ct als in 1992 have received substantial tittcntion  to-dateb”.  IVawevcr,  the
response speed of t hcsc act uators is raf her slow (several seconds), the drive current is high,
temperature range of operation is limited, and they work only in aqueous medium, There is a
need for flexible microactuators that Could ~]rovidc  a high strain and force combination for low



power consumption, and could operate over a
advanced nmbiiity applications identified above.

11.2 {comparison of Actuation ‘J’cchnologies:

wide tcmpcraturc range for the variety of

l’able 1 presents a comparison of the difJ_ercnt  acluaticm technologies and illustrates why
piczocc]-amics arc the leading canctidatc, especially when dimensions shrink and approach t}msc of
thin films, where propctlics arc generally tailorable  by fine composition control. ‘1’hin film growth
techniques through  their close control cm composition allow a much ftncr control of hystcrisis and
aging properties. in particular, the lower holding power requirement by piczoc.eramics  makes
thcttl attractive over magnetic actuators which suffct  from the need for significant heat
dissipation, With size reduction, the energy absorbed by J)ic.z.occramics  could be upto  two orders
of magnitude highet-s compared to electrostatic and magnetic. actuators (I;igurc 2). This higher
dcllsity is attributed to the higher dielectric constant of the piczoccranlics  and tl~e inctcasirlg
breakdown field with reducing thickncssg l:ulthcrnmre, picz.occramics  cdlkr the potential of
solar driven, tcthcrless  mechanisms since they can bc actuatcd9’*  1 directly by oJ~tical  illumination
(350nn1 to 450 rim). Picz,occramic  actuation is ~)c)tcntially  l-obust,  amenable to low temperature
(deep space) operation, and intrinsically radiation-resistant. In addition, their ability to be batch-
pro(iuccd  by thin film manufacturing technique.s on large substrate areas ofTcrs convenience and
cml cfl’cctivcncss,

WHY PIEZOCERAMIC  ACTUATION?
(AS WE SCALE DOWN TO THIN FILM PIEZOCERAMICS)
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~NCED MICROACTUATION
‘ With  ampllflcatkm  techniques (e. g. optically or electrically activated bln,orph,  flexlensl~nal  elements and combination

thereof to obtain double amplification)
“ Anti ferroeleclric  phase tfansltlon  materials
““  Llmlted by Thermal Ene!gy Input

Table 1



It is apparent fio]n the above comparison table that picz,occramics  represent a leading candidate
for advanccct  microactuation  specifically in light of the requirements of flltw c space missions,

11.3 F.lcctl”ically  Acti\’atc(l  l’iez,occt”all~  icActllatiol]:

~’hcelcctrically  activatccl  piczoccrali~ica  ctuatiml  based ontailorcd  bulk materials is well
established and used in several applications. 1 lowcvcr,  the high vokagc (>100 V) required for
piczoccramics  is undesirable as the actuators scale down in size. F]cxiblc microactuators on the
other hand based on tailored thin films (- 2 micron thick) deposited on selected flexible
substrates promise substantially higher (-~ 2S times) energy density, cmnpared  to a 200 micron
thick ceramic wafer, and therefore could be operated even at as low as 5 V to provide five times
enhanced force pcr unit volume. Application of Si-VJ ,S1 compatible signal of 5 V is clearly quite
collvcnicnt, and the five times cnhanccmcnt  in applied field would dil cc(l,y result in 5 X
enhancement in the force output from the device  per unit volume. Moreover, due to the lower
power consumption (extremely low hol(iing  current), the 2 micron film microactuator is
cxtrcmcly  attractive to implement.
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11.4 Optically Activated l’imoc.cramic  Acluation:

“1’wo oppositely poled lead lanthanum zireonatc  titanate (1’1 Xl’), ceramic wafers bonded
together to form a piczoccramic bimorph (as shown in fig, 4ti) exhibit a large photodcflcction,
armlogous  to a piczoclectf  ic bimorph. llsscnt ially the di~crcntial  strain in the Iwo oppositely poled
wfifhrs gives rise to a large  deflection of the bimorph clement. A deflection as high as -200 micron,
away from the dircciion  ofthc light, has been ob[aincd from a bimorph -2 cm long,’  J 0.5 cm wide, and
“ (1 4 mm thick, when cxj)c)scd  to an intensity of- 80nlW/cn~2. in such a deflection, a fbrcc of -10 gm
is p,cncrated  at the tip of the bimorph, in fic[, }’1 ,7,’1’ ceramic wafers have been eaflicl-  uscdlq’14 to



demonstrate two diflircnt  kinds of It]obilc walking and gripping devices based on such photoactuation
in ceramics. IIowcvcr  the limited photonic energy to mechanical convcl-sion  ctlcicncy  (- O,]O/.)
obtained in the ceramic due to its poor optiml quality Iefl those detnonstrations  as mere curious
mqwriments.  H4th  tIterccettt  et}lergctlce  oftltitl  filftlgr(Jb~’tlt  tcclltliql(csfor  ~jiczocerat?lic  ~)].zl’
jilms, otlcbt~o]j])ortlltli~  llasariscll ijtexJ)loititlg  tllc-fillljJotentiol  oftlli.v  oJ)tical  actlintiott<[fcct
f(~r]~}tot(~nic  co}ltroI  (~~?leclzanical  }ttotion.  Asdctailcd inthcncxtsection,  optimization ofthc
material with respect to its defect density, absorption cocflcicnt, spontaneous polarization
ciirection,  and bimorph geometry (aspect ratio, etc. ) could lead to a substantial (up to two orders
of magnitude) cnhanccmcnt  in the photoactuation  e~cicncy.  A flcxib]e  ]’] ,~rl’  fi]m microactuator
thus enhanced, clearly would bypass the need for an electrical enmgy source, and open up
numerous possibilities of deployable, optically triggered, contactless  actuators, and even solar
powe[ d]-ivcn  advanced mobility.

CIcarly, such adwvmed  nmbili!y  (c:iliat)),{p[~gclf{~t  nmchot)istntv, nluIf@d  itlcll~’c)rt)licrau’[ijlg
mmhatIi,wL<j  would be t ethcrless, and either autonomous or l-cl~lotc-control  lc(l. ‘J’he prohibit ivc weight
and mobility restrictions due to an umbilical power corcl  would be eliminated. ‘1’he photogcneratccl
dcflcc,tion  could  be used to directly “walk” on the surface oi to run motors for inclirect  locomotion
Such tethcdcss optical control of advanced mobile vehicles would also be desirable for exploration of
ha~ardous, hard to reach locations, as long as at least a line of sight exists, Picz,occramic  bimorphs
provide a good trade of load versus displacclnent  for piczoceranlics  and have been used for a
variety of applications, optically driven bimo~-phs have a similar niche for applications requiring
high displacement and low load rcquii-enwnt  with the actdcd  versatility of photmlic  addressing.

l;lcxible microactuators arc clwisioned  by dcj~ositing  tailored thick (- 2-10 micron) films
of fictive materials on strong flexible (polymeric) substrates. NcxiMe mic.roac.tuators
illhcrcvltly woukl provide a comhinalion of high form and displacement and be opmabk
over a wide temperature range. Potential advantages of flcxiblc microactuators are:

- low powe]- (low vohagc operation, <5  v), low” nlass, low v~](]J~lc

- low cc)st, batch production of the components compatible with \rI ,S1 processing
- hif:h force/volunlc even with low voltage ojmation
- higher deflection
- flexible,  miniaturiz,ab]e microactuator:  scalcab]c fol” M11h4S/h40MS

cxccllcmt  cyclability -more than million cycles
amenable to both electrical or optical activation

A schematic of such a flexible actuator is illusttatcd  in figure 3b. It can be formed in the fcmn of
fibers or sheets (figure 1).

in addition to the high energy density o!kred  by pici-,occramic  thin films (up to five titnes
enhanced ratio of output force per unit volume for a film bimolph  with operation at the Si-Vl.Sl
compatible low voltage of 5 V), they promise two to thtec orders of magnitude enhanced
conversion efficiency (as described in next scc,tion)  in a piczoccramic  flexible bitnorph when



ac!ivatcd  optically accompanied with upto two hundfed times higher ratio of output force to
inpld power. Specifically optical control has following advantages:

- contactless  cmltrol/rcnlote  control

- low power solution

- electrode-less, contact less structure

- enhanced reliability, external voltage not required (breakdown issues avoided)

microdisplacement  proportional and controllable by the intensity of the

light energy

,$uch Ilexiblc  mic.roac.tuators  would enable a new generation of non-silicon based
microclcc.  tro- mechanical and ]l~icro-ojJto-ll~  ecllar]ical mobility systems where the actuation
will not l)c rcstric.ted  by the clamping effect due to the rigid substrate as in the current

silicon hasd II]ic].oIllacllillc[I  structures. Also in t hc cur rent micromachined  structures, the
actuation  force out of the structure is limited by the thickness to whic}l the micromachincd
structL]~  es could be grown. Ilcposition of tailored piw,oceramic thin films on flexible substrates
would substantially eliminate the substrate clamping efkct  ancl thicker filtns can be deposited by
IIigh I atc deposition processes, leading to mobile elements with substantially higher force to input
lmwcr I atio.
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cwamic thickness: 200 nlic! on film thickness: 2 micron

(a) (b)
ltigurc 3

Pigure  3a and figure 3b compare a cciamic  bitnorph  and a flexible film bimorph, The
table 2 below shows the projected paramctcls of itnpr ovctncnt.  The numbers in this table are
cvalLMcd  based on using a 200 micron thick typical ceranlic wafer as the current state of the
art and a 2 niicron  thick film as tlie projcctcd  flexible film bimolph. Such a filnl bimorph
activtttcd with 5 V will have -- 25 times higher energy density than the ceramic binwrph  that
requires - 100 V. In turn, although tlie net fhwe output fi o]n the bimorph will be 20 VO  of that



from the ceramic, the force /volun~c  will be five times higher. (correspondingly, in the case of
optical actuation, optimization Of the material with respect to its defect  density, absorption
cocfiicicnt,  optical quality, spontaneous polarization direction, and bimorph  geometry could lead
to a substantial (up to two orders of magnitude) cnhanccmcnt  in the photoactuat  ion efficiency and
thereby allow exploitation of the full potential of tllc optical actuation effect for photonic  control
of mechanical motion. Such a flexible, optically triggered microactuato~  would eliminate the
need for an on-board electrical energy source, and open up numerous possibilities of small, light-
weight, deployable, optically triggered, contactlcss  actuators, and even solar power driven
advanced mobility. Duc to the cnhanccmcnt  in conversion cfflcicncy  (expected value - (10/0 -

10YO), the optically activated film bimorph is projcctcd  to deliver force output 2-20 times that of
the ceramic I’his is cxpectcd  with illumination intensity an orcicr  magnitude lower than that
cul-rently  used for the ceramics. This will result in an enhancement of force per unit power by 20
to 200 times. (lbtaining  the optical performance enhancement in input photcmic  power to output
mechanical force will as indicated provide a substantially enhanced bimorph
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The new concept of piezoceranlic  flexible microactuators ctescribed  in this paper
offcls a combination of high force and displacement with potential of operability over a
wide ternpcraturc  range and a contact-less optical activation, Piezoceramic  based
flexible microactuators would form an cnablin~ technology for a variety of applications
including advanced mobility, shape control, microvalvcs  and minimally invasive precision
medical treatn~ent/diagnostics.
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VISION:
ADVANCED MOBILITY . . . . . . the size of small insects

● .*..** with the same mobility, agiiity

When coupled with dedicated microsensors/ microimagers -

They will be ideal for:
c SCOUTING MISSIONS - IN-SITU SENSING
● HAZARDOUS AREA EXPLORATION
● REACH NARROW CREVICES

Such “artificial” insects will enable that couldn-t be easily
done todavd



PAY OFF - WHY INSECT EXPLORERS

s Extremely small size - allows reach to
places never reached before for in-situ
sensing

Q Expendable due to low cost - will be used
to explore high risk zones

Q Science return/$ would be tremendous,
unprecedented.
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TO REALIZE THE VISION:

NATURE’S INSECTS: COMPLEX MULTIFUNCTIONAL
MULTI SYSTEM

EXQUISITE MARVELS CREATED IN
MILLIONS OF YEARS

INSECT EXPLORERS: SIMPLE, SINGLE DEDICATED
FUNCTION ATTAINABLE IN - 10 YRS
WITH FOCUS INITIATING TODAY ON
NEW TECHNOLOGY INNOVATIONS

TO OBTAIN . . . . ADVANCED MOBILITY



(AS
W H Y  PIEZOCERAMIC ACTUATION?
WE SCALE DOWN TO THIN FILM PIEZOCERAMCS)

1 I I POLYIWER!C  MATER!ALS I [1 I I

I Pclymides

] PIEZOCERAMIC
PMMA. MAGNETO-

~ SHAPE MEMORY ALLOY ~ PVDF 1 r~O!~v~eth~fi~~  I STRICT-WE 1
1

!-M!ZX b3NlSM PIEZOELECTRIC & THERMAL MARTENSITIC a PIEZOELECTRIC, ELEClRC3- MAGNETfC FIELD
ELECTROSTRICTIVE AUSTENITIC PHASE CHANGE PHASE TRANSITK?K STRICTTVE INDUCEI? E?Y COIL

STI?AW Id TO 0.3X?O<** ?fP TO fO-~ ?@TC) ?&f 10-g To fO-z 10-S TO IQ-7

DISPLACEMENT LOW TO HIGW
I

MEDIUM TO HIGI?W LOW TO H!Gt+ LOW TO MEDIUM MEDKJM

FcYVX HIGH 4W kgm LOW-MEDIUM -f kgm FORCE SMALL SMALL HIGH
FORCE

tiYSTERIStS TAILORABLE BY SMALL LARGE SMALL TO

i COMPOSITION MEDIUM LARGE
I

} I
AGING COMPOSITION VERY SMALL

DEPENDENT
LARGE f LARGE SMALL

TEMPERATURE RANGE -196°C + 300”C -196*C + fW”C WIDE -?O°C + 60”C
OF OPERATION

-?O”C + w“c
WIDE

-273QC  ~ 100”C
LYWTED L! IWTED WIDE

RESPONSE SPEED psec-msec seconds msec msec psec-msec

ACTIVATION MODE BOTH OPTICAL AND THERMAL AND ELECTRICAL ELECTRICAL ELECTRICAL MAGNET!C
ELECTRICAL

POWER REQUIREMENT LOW LOW MEDIUM LOW TO MEDWM HIGH

RADIATION HARDNESS YES TBD TBD TE3D YES

CYCLABfL!TY EXCELLENT GOOD FAIR FAIR-POOR GOOD

PROSPECT OF GOOD GOOD GOOD GOOD FAIR
M W! ATURIZATION ~

PIEZOE!LECTR!CS  REPRESENT A LEAD!NG CANDIDATE FOR ADVANCED fV’llCRQACTUATIOhJ
* wth ~~p(ifi~~~o~  @Ch~iqu@S  (e. g. optically or electrically activated bimorph,  flexter?siona!  elements and  combination

thereof to obtain  double  amplification)
“ Ihtiferroelectric phase  transition materials
“* Limited by Thermal Energy hput %ritn ?hn~cmr

is?fl)ft  7
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FLEXIBLE MICROACTUATORS

Flexible microactuators  are envisioned by depositing tailored thick (-- 2-10
micron) films of active materials on judiciously chosen, strong flexible
(polymeric) substrates. FlexibIe microactuators wouId provide a combination of
high force and displacement and be operable over a wide temperature range as is
required for a variety of advanced mobiIi~ applications. Potential advantages of
flexible microactuators are:

● low power (low voltage operation, <5 V), low mass, low volume

“ high force/volume even with low voltage operation

● higher deflection

● flexible, miniaturizable  microactuator:  scaleable for MEMS/MOMS

● excellent cyclability  -more than million cycles

● amenable to both electrical or optical activation

Sarita Thakoor
k@1624

I
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FLEXIBLE MICROACTUATORS

FIexibIe microactuators would enable a new generation of non-siIicon
based microeIectro- mechanical and micro-opto-mechanical systems
where the actuation wiI1 not be restricted by the cIamping effect due
to the rigid substrate as in the current silicon based micromachined
structures. Also in the current micromachined structures, the
actuation force out of the structure is Iimited by the thickness to
which the micromachined structures couId be grown. Deposition of
taiIored piezoceramic thin fiIms on flexible substrates would
substantially eliminate the substrate cIamping effect and thicker fiIms
can be deposited by high rate deposition processes, Ieading to mobiIe
elements with substantially higher force to input power ratio with the
option of contact-Iess  opticaI activation.

Sarita Thakoor
isaf9625
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FLEXIBLE MICROACTUATORS

Q Optimization of the Piezoceramic films:
– Optical quality enhancement

– Polarization direction& ktensit~ optimization

– Optimization of the optical penetration effect
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TABLE 4: FIexible fiIm microactuators,  matrix of improvement
1I Current Status Projected Improvement
Ceramic Bimorph Film Bimorph

ELECTRICAL Thickness 200 microns , 2 microns: Thickness reduced,
ACTLTA’TIOAT , I material tailored
PARAMETERS

Operating Voltage 100 v i 5 V : Operational voltage reduced
I

Energy Density ‘ l x I 25X : Inherent advantage of
reduced thickness

Force/Energy I 5F IF

Force/Volume l x 5X enhancement for fi[m bimorph

r ,

OPTICAL Optical Power SO mW/cm: I 8 mW/ cmz : IUumination Intensity
ACTtTATION reduced by 10 times
PARAMETERS Power Ratio l o x l x

Photonic to
iMechanical I 0.1 Yo 170- 10 0/0 : significant
Energy Conversion enhancement in
Efficiency overall efficiency

Force /Energy F 2F to 20F : Nlultifold
enhancement in the
film bimorph

Force /Power 1x 20X to 200X

sarita ThakMr
isaf9620



J= ADVANCED MOBILITY FOR INSECT EXPLORERS
CILIARYIFLAGELLAR  MECHANISMS FOR FLUID NAVIGATION
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CONCLUSION

● FLEXIBLE MICROACTUATORS OFFER A COMBINATION OF
HIGH FORCE AND DISPLACEMENT WITH POTENTIAL OF
OPERABILITY OVER A WIDE TEMPERATURE RANGE AND A
CONTACT-LESS OPTICAL ACTIVATION

● PIEZOCERAMIC  BASED FLEXIBLE MICROACTUATORS
FORM AN ENABLING TECHNOLOGY FOR A VARIETY OF
APPLICATIONS:
– ADVANCED MOBILITY

- SHAPE CONTROL
- MICROVALVES
– MINIMALLY INVASIVE PRECISION MEDICAL

TREATMENT/DIAGNOSTICS

Sarifa Thakcmr
isaf9626
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Tiilc: FI,FXIIILlt MICRO-ACTIJAIORS
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The overall objective of the proposed effort by a team of researchers from Jet Propulsion
1.aboratory  (JPL), Penn State University, lJniversit  y of California, Berkeley, Jet Process Corporation
(small business) and VARITY Kelsey Hayes (large business); led by JPL, is to develop a .jZexib/e
microactuator based on tailored fihns of lead lanthanum zirconate  titanate, PL~T (deposited on flexible
substrates) and to demonstrate a multifold enhancement in its force/displacen~  ent capabilities, compared
to those of the current state-of-the-art actuators based on bulk ceramic materials. The effort will be
especially aimed at realization and demonstration of the promise of high efficiency  actuation of an
optimized thin film based bimorph structure by COH1OC[-1CSS  o/~2ica/ activation in addition to the
conventional electrical actuation mechanisms,

Flexible rnicroactuators  are envisioned by depositing tailored thick (- 2-10 micron) films of active
materials on judiciously chosen, strong  flexible (polymeric) substrates. Such flexible microactuators
would enable a new generation of non-silicon based micro-electro-mechanical  and micro-opto-
mechanical systems where the actuation will not be restricted by the clamping effect due to the rigid
substrate as in the current silicon based micromachined  structures. Also in the current micromachined
structures, the actuation force out of the structure is }imited  by the thickness to which the micromachined
structures could be grown, I~eposition  of tailorecl  piezoceramic  thick films by high rate deposition
processes, will lead to mobile elements with Substantiality higher force to input power ratio. The key
technical challenge is to obtain a tailored P] ,Z,T film well adhered to a suitable flexible substrate. This
will be addressed by a three pronged approach: (a) development of a process to deposit piezoceramic
thin films on high tetnperature polymeric substrates (such as polybenzo-oxazole),  (b) lowering of
crystallization temperature of PL2ZT and/or, (c) delaminating films from high temperature substrates for
their subsequent ‘lamination’ onto flexible substrates such as nlylar/kapton.  Furthermore, optimization
of the material with respect to its defect density, absorption coefficient, optical quality, spontaneous
polarization direction, and birnorph geometry could lead to a substantial (up to two orders of magnitude)
enhancement in the photoactuation  efficiency  and thereby allow exploitation of the full potential of the
optical actuation effect for photonic control of mec}~anical  motion. Such a flexible, optically triggered
microactuator would eliminate the need for an on-board electrical energy source, and open up numerous
possibilities of small, light-weight, deployable, optically triggered, contactless  actuators, and even solar

power driven advanced mobility. Proof-of-concept demonstration of flexible actuators in year 1 and
demonstration of the potential of the selected DARPA application in year 2 is the focus of this
proposal.

Fkwihle rnicroactuators  constitute an enabling technology for insect-explorers (a new class of
small vehicles with advanced mobility etnulating  the small and agile characteristics of insect mobility
combined with dedicated sensing ability ). Ilue to their promise for exploration of diflicult, hard-to-reach-
terrain, insect-explorers will be ideal for a variety of applications in law enforcement, inspection of
hazardous environment, search and rescue in disaster areas such as earthquake sites etc. Additiomdly  such
flexible microactuators will be useful for high precision surgely, micropositioning, solar tracking
actuator/shutter, direct corrective control in adaptive optics/inter+eronletry,  and photophones
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Principal Investigator: Stwita Thakoor,  Jet Propulsion lxzboratory
PA: (818) 354-0862

c+nai!: sarita.  thakoo<ajrd.  nnsa.gov
ills .ZO.7-.ZO8
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Co-investigators: John Michael Morookian, Abhijit Biswas and Andre Yavrovian:
Jet Propulsion l.ahoratmy

Kenji lJctlino,  Susan Trolicr-Mckinst  ry: Penn Mate Univcrsi{y
Robert J. Full: Zlnivcrsity  of California, Bcrkclqy
Takashi  Tatnagawa:  Jet Process Corporation  (S’nmll Bnsimm  )
Joe 5’c: VA RIT17  Kclsqy  IIaye,s  (1.argc  IJusinc.ss)

J. INTROllUCTIOiV:

1.1 Need for flexible microactuation:

‘I’he emerging field of micro-elec{ro-mechanical systems (MEMS) and micro-opto-
mechanical systems (MOMS) holds a prolnise  of revolutionary developments for Do1)
applications ranging from autonomous mobility platforms (micro-~Jnmanned  Aerial Vehicles),
medical diagnostic tools to petaflop  computing. On the other hand, NASA’s vision of fllture
microspacecrafi  entails reduction in size of all spacecrat?  components by orders of magnitude. A
breakthrough in actuation technology is required to obtain such size reduction for the next
generation DoD and NASA micromobility  applications. In the commercial application area, there
is an urgent need to miniaturize the size of end-efiecters  on the medical diagnostic tools such as
micro-catheters or endoscopic  manipulators, to enable minimally invasive surgery without
compromising the mobility and flexibility.

1.2 Advanced Mobility:

in-situ, autonomous exploration and intelligence gathering from surfaces, subsurfaces, and
environments for a variety of application scenarios will benefit from a totally new class of
cxp]oring  vehicles: small in size, mobile and agile like insects, equipped with dedicated
microsensors, I.arge numbers of such inexpensive, and therefore dispensable, explorers would
supplement the functions performed by traditional exploration modes. Furthermore, their
fiedicated  sensing flmctions and small size would be invaluable in hazardous or dificult-to-reach
territories for scouting missions. One approach for realization of such vehicles is evolutionary:
through the miniaturization of existing wheeled vehicles, Another approach which might offer
significant advantages, especially when traversing unusual and difficult terrain such as loose
granular surfaces, is to imitate the mobility attributes of insects, Mimicking biology, such
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artificial insects may possess varied mobility modes: surface-roving, burrowing, hopping,
hovering, or flying, to accomplish surface, subsurface, and attnospheric  exploration. They would
combine the functions of advanced mobility and sensing with a choice of electronic and/or
photonic  control. Preprogrammed for a specific function, they could serve as “no-uplink,  one-
way communicant ing” beacons, spread over the exploration site, /ooking-for the object of iniermi.

A breakthrough in actuation technology is required to realize the variety of advanced
mobility mechanisms for such “insect explorers”. Flmiblc  nticro44ctn44tors  nn4st prosi{le  44 high

fiorcc nml tlisplacemcnt  cmnbination  with low power  cons14n@im,  and nn4st work mw wide
tenq~ernt14re  ranges. Figure 1 illustrates four different kinds of insect explorers/in-situ explorers
emulating biological mechanisms:
A, Multipod  crawlers for surface explorations maneuvering through SOR soil and difficult terrain,
adaptive to the environment.
B. ~iliary  / Flagellar 13xplorers  for navigation through fluids ( for e.g. under water exploration
for Naval applications)
C. Hopping explorers for surface and aerial exploration
11. }lovering  13xplorers  for aerial exploration

3



Flexible microactuators that could be addressed/controlled optically and/or electrically
would be an enabling technology for insect-explorers. In turn, due to their promise for exploration
of difficult, hard-to-reach-terrain, insect-explorers will be ideal for a variety of applications in law
enforcement, inspection of hazardous environment, search and rescue in disaster areas such as
earthquake sites. Additionally such flexible manipulation could also be used for high precision surgery,
optical micropositioning, so]ar tracking actuator/shutter, direct corrective control in adaptive
opticshnterferometry, and photophones.

2. OBJl?CTIV.S:

The overall objective of the proposed effort is to develop a jlcxib/e  microactuator based
on tailored films of lead lanthanum zirconate  titanate, PLZT (deposited on flexible substrates) and
to demonstrate a multifold enhancement in its force/displacement capabilities, compared to those
of the current state-of-the-art actuators based on bulk ceramic materials. The effort will be
especially aimed at realization and demonstration of the promise of high efficiency actuation of an
optimized thin film based bimorph structure by contact-less  cpical activation in addition to the
conventional electrical actuation mechanisms.

?. . BA CKGROUNJl  - EYISTING  ART

Polymeric actuators2 b a s e d  o n  polyvinylidene  difhroride  (PVIIF)  and  polymethyl-
methacrylate  (PMh4A), although proven for tactile sensing and some high strain applications,
have been used with limited success for mobility applications due to their limited force capacity
and restricted temperature range of operation and therefore limited cyclability. Some recent~’4
work on isodactic PMMA has reported high displacements, however the exact nature of the
observed effect (coulombic  or electrostrictive)  is a matter of continuing research. In any case, its
potential for proviciing high strain/force combination and useful work over a wide temperature
range is unclear. Ionic conducting polymer gel films (lWF) discovered by oguro et als in 1992
have received substantial attention to-datec’7.  However, the response speed of these actuators is
rather slow (several seconds), the drive current is high, temperature range of operation is limited,
and they work only in aqueous medium. There is a need for flexible microactuators that could
provide a high strain and force combination for low power consumption, and could operate over a
wide temperature range for the variety of advanced mobility applications identified above.

4. PIEZOCIWIMIC  FI.ZXIIII.E  MICROA CTUA TORS:

4.1 Why piczoccramic  Illmshnicroac.tuators:

Table 1 presents a comparison of the different actuation technologies and illustrates why
piezoceramics  are the leading candidate, especially when dimensions shrink and approach those of
thin films, where properties are generally tailorable  by firm composition control, Thin film growth
techniques through their close control on composition allow a much finer control of hysteresis and
aging properties. In particular, the lower holding power requirement by piezoccramics  makes
them attractive over magnetic actuators which suffer from the need for significant heat
dissipation, With size reduction, the energy absorbed by piezoceramics  could be upto two orders
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of magnitude higher8 compared to electrostatic and magnetic actuators (Figure  2). This higher
density is attributed to the higher dielectric constant of the piezoceramics and the increasing

breakdown field with reducing thickness8 }’urthermore, piezocerarnics offer the potential of

solar driven, tetherless mechanisms since they can be actuated9”11 directly by optical illumination

(350nn~ to 450 rim). Piezoceramic  actuation is potentially robust, amenable to low temperature
(deep space) operation, and intrinsically radiation-resistant. In addition, their ability to be batch-
produced by thin film manufacturing techniques on large substrate areas offers convenience and
cost effectiveness.

WHY PIEZOCERAMIC  ACTUATION?
(AS WE SCALE DOWN TO THIN FILM PIEZOCERAMICS)

,.F:~TXjTHERMAL. MARTENSITIC  -b PEZOELECTRIC,
AI, errumebllm.  r ,-U,  UP.,  . . . . . m..le,  m

~’ LOW-MEOfUM  -1  kgm  F O R C E  SMALL

=EY~~_
sMALL 14GH

~$i~  ,.” ;~:m;”:~  ~ ::,,,  ~: LARGE SMALL TO
MECMUM

MGE

I AGING

lACTl”A~ONMODE  ~

GIiRAt4AT10N  HARONESS ;Y “i%

&-l

__..m I’mo I’”Rd
IATE FOR ADVANCED MICROACTUATIONPIEZOELECTRICS REPRESENT A LEADING CANDID/

‘ With amplification techniques (e, 9. optically or electrically activated bimorph,  flextensional  elements and combination
thereof to obtain double amplification)

“ Antiferroelectric  phase transition materials
‘“” Llmlted by Thermal Energy Input

Table 1



power consumption (extremely low holding current), the 2 micron film microactuator is
extreme] y attractive to implement.
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4.3 Optically Activated Actuation:

Two oppositely poled lead lanthanum zirconate  titanate (PLZT), ceramic wafers bonded
together to form a piczoceramic  bimorph (as shown in fig 4a) exhibit a large photodeflection,
analogous to a piezoelectric bimorph. Essentially the differential strain in the two oppositely poled
wafers gives rise to a large deflection of the bitnorph  element A deflection as high as -200 micron,
away from the direction of the light,  has been obtained from a bimorph  -2 cm long, -0.5 cm wide, and
--0.4 mm thick, when exposed to an intensity of- 80nlW/cm2. In such a deflection, a force of -10  gm
is generated at the tip of the bimorph. In fact, PLZT ceramic wafers have been earlier usedl~’14 to
demonstrate two different kinds of mobile walking and gripping devices based on such photoactuation
in ceramics. However the limited photonic energy to mechanical conversion efllciency  (- O. 10/0)
obtained in the ceramic due to its poor optical quality lefl  those demonstrations as mere curious
experiments. J&M the recent mncrgcncc  ~f thin film growth techniques for jjiczoccrmnic  I’I.ZT
@ns, o new opportunity has arisen in mjdoiting  the filllpotentiul  of this optical octuution  eficct
-for photonic control of nwchanic441  nlotion. As detailed in the next section, optimization of the
material with respect to its defect density, absorption coefficient, spontaneous polarization
direction, and bimcjrph  geometry (aspect ratio, etc.) could lead to a substantial (up to two orders
of magnitude) enhancement in the photoactuation  efficiency. A flexible PLZT film microactuator
thus enhanced, clearly would bypass the need for an electrical energy source, and open up
numerous possibilities of deployable, optically triggered, contactless  actuators, and even solar
power driven advanced mobility.
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Clearly,  such advanced mobility (cilimy~fiagellar  mcchaniwns,  rnultipod  i)lch}~’{]rt)l/crw’li)lg
nmchanismsj  would be tetherless,  and either autonomous or remote-controlled, The prohibitive weight
and mobility restrictions due to an umbilical power cord would be eliminated. The photogenerated
deflection could be used to directly “walk” on the surface or to run motors for indirect Iocornotion.
Such tether-less optical control of advanced mobile vehicles would also be desirable for exploration of
hazardous, hard to reach locations, as long as at least a line of sight exists. Piezoceramic  birnorphs
provide a good trade of load versus displacement for piezoceramics  and have been used for a
variety of applications. Optically driven bimorpl!s  have a similar niche for applications requiring
high displacement and low load requirement with the added versatility ofphotonic  addressing.

$. . SIGNIFICANCE AND 1NA70KA TIOAT:

Flexible microactuators are envisioned by depositing tailored thick (- 2-10 micron) films
of active materials on judiciously chosen, strong flexible (polymeric) substrates. Flexible
mic.roactualors  would provide a combination of high force and displacement and be
operable over a wide temperature range as is required for a variety of advanced mobility
applications. Potential advantages of flexible microactuators are:

- low power (low voltage operation, <5 V), low mass, low volume
- high force/volun~e  even with low voltage operation

higher deflection
- flexible, miniaturizable  microactuator:  scaleable  for MEMSIMOMS

excellent cyclability  -more than million cycles
amenable to both electrical or optical activation

Schematically fig 6b (on page 15) illustrates such a flexible actuator. It can be formed in the form
of fibers or sheets (figure 1) as demanded by the application.

The significance of the proposed work is two fold. First, the high energy density
offered by piezoceramic  thin films, allows up to five times enhanced ratio of output force per unit
volume for a film bimorph with operation at the Si-VLSI compatible low voltage of 5 V.
Second, is the promise of upto two orders of magnitude enhanced photons to mechanical
conversion efficiency in a piezoceramic  flexible bimorph when activated optically accompanied
with upto two hundred times higher ratio of output force to input power. Specifically optical
control has following advantages:

- contactless  control/remote control

- low power solution

- electrode-less, contact less structure

- enhanced reliability, external voltage not required (breakdown issues avoided)

- microdisplacemcnt  proportional and controllable by the intensit  y of the

light  energy
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Such flexible microactuators  would enable a ncw generation of non-silicon based
microelectro-  mechanical and micro-opto-mechanical systems where the actuation will not
bc restricted by the clamping effect due to the rigid substrate as in the current silicon based
micromachined structures. Also in the current micromachined  structures, the actuation force
out of the structure is limited by the thickness to which the micromachined  structures could be
grown. Ileposition of tailored piezoceramic  thin films on flexible substrates would substantially
eliminate the substrate clamping effect and thicker films can be deposited by high rate deposition
processes, leading to mobile elements with substantially higher force to input power ratio.

6. APPROACH:

The technical approach to develop and demonstrate flexible microactuators therefore will aim at
the overall optimizatiordmaximization  of the extent of deflection combined with a low power,
high force capability using electrode less optical activation. This will be done within the following
five distinct work-items that sequentially depend on each other:

6.1 Optimization of Photoactuation in Ceramic Bimorph  Structures: This subta.sk will
combine Penn State’s unique capability to tailor-make ceramics with optimum doping for the
photoactuation effect and JPI,’s unique expertise in high speed photoresponse investigations, thin
film device design and applications. It is known that the optical actuation effect (extent of the
photodeflection  ) is a direct but complex function of (1) material microstructure, crystalline
orientation, and the actual geometry (configuration/ structure/ dimensions, etc.) of the bimorph;
and (2) the intensity, and angle of incidence of the light illumination, triggering the effect. This
subt ask will consist of the following sub-work items:

a. Optimization of the Effect: Establish a quantitative interdependence (and cross
correlation’s) among the piczo properties, photodeflection,  and material characteristics (micro-
structure, crystal orientation, etc.) by systematically studying the behavior of the materials with
respect to:

thickness of the ceramic wafer to verify the ‘(penetration depth” hypothesis,
composition variation and selected dopants to tune the wavelength response,
variation of orientation of polarization axis, and
variation of surface roughness of samples to examine the absorption dependence.

b. Feasibility l)emonstration: ~etermine  the exact coupling factors between the illumination
(intensity, angle of incidence, plane of polarization etc and the photodeflection  for selected
sample geometries. A thorough and systematic study of photodeflection  under various
illumination conditions will not only lead to a feasibility demonstration of the concept but will also
establish the ‘outer bounds’ of the phenomenon.

c, Extension  to Visible Wavelengths: The photocurrent generated in the ceramic is strongly
dependent on the wavelength under a constant intensity of illumination as reported10 earlier by
lJchino  et al. Suitable donor doping can shifil” the peak response from 372 nm in
PbLao.0sZr0,52Ti0  .@~ to 384 nm in 0.9[PbTiO~]-  0.1 [La(Zn 0.C7  Nb O.ss) 0s]. This peak occurs near
the absorption edge of the corresponding ceramic composite material. Therefore, an attempt will

8



be made to extend the response towards the blue color region generating less deep donor -type
impurity levels. The suitable candidate dopants include Mg, Ni, Co, and Cu. Also donor doping
with (Nb, Ta, W) with less than 1 atn~O/O on the B site has been observed] 1 to enhance the
photovoltage response without compromising on the piezoelectric  effect. For a solar powered
mobile device this will have the effect of increasing the efficiency by 3 0°/0 to 50°/0  because the
solar irradiance  is maxinmn~24 at blue wavelengths. Thus by proper selection of dopants and
optimization of ceramics to respond to visible wavelengths of the solar spectrum the
photoactuation effect could be extended to a wider range of applications. Ceramic compounds
such as PbTiOS  - Pb(A . WY) Os where A =- Mg, Ni, co, Cl] will be investigated, The samples
will be prepared by the conventional mixed-oxide method described elsewhere9-11.

d. Separation of Pyroelectric  and Photostrictive  13ffect: Preliminary observation of the
photoactuation  effect on typical ceramic bimorphs  has indicated that consequent to light
illumination at 360 nm, there is a fast response - milliseconds giving rise to - 20 microns of
photodeflection  followed by a slow increase in deflection possibly thermal in origin which leads to
-200 micron total deflection in a matter of few seconds. The approach would be to differentiate
between the two effects: electronic/electro-optic  and thermal, and understand them better in order
to exploit the potential of the former to obtain a fast response micromobility  application.

6.2 Fabrication of Flexible Microactuator Structure: Flexible microactuator test
structures would be fabricated by depositing tailored thin (2-1 O micron thick) films of selected
composite piezoceramic  material (e.g. PLZT) films on suitably selected flexible film substrates.
The key technical challenge is to obtain a tailored PLZT film well adhered to a suitable flexible
substrate. This will be addressed by a three pronged approach: (a) development of a process to
deposit piezoceramic  thin films on high temperature polymeric substrates (such as polybenzo-
oxazole)  (b) lowering of crystallization temperature of PLZI’ and (c) delaminating films from high
temperature substrates for their subsequent ‘lamination’ onto flexible substrates such as
mylar/kapton:

a. IIigh Temperature Polymeric Substrates:

To deposit the piezoceramic  film directly onto a flexible substrate, the substrate must

have high temperature stability, high strength (Young’s Modulus - 4.9x1 0 ] 0 N/m2), a close
match of thermal coefficients of expansion with the piezoceramic film, and a tailorable  crystal
orientation in order to provide a desired template for growth of oriented PLZT. llarlier work has
shown 16 that ferroclectric  quality PZT could be crystallized at - 550°~. Recently17
polybenzoxazole  (PBO) has been validated at JP1. to work well up to - 5S0°~  and extensively
characterized for operation at 460°~. Table 2 & 3 provide a comparison of a variety of substrate
films and fibers. PBO stands out as the leading candidate for its high tensile strength, high
Young’s Modulus, low heat shrinkage and coefficients of thermal expansion and hydroscopic
expansion to provide such a high temperature substrate for forming flexible microactuators by
this technique. PRO is a conjugated aromatic hetrocyclic.  liquid crystalline polymer (LO) with a
chemical structure as shown in Figure 3.

9
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Figure 3. chemical Structure of P130
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PROPERTY UNIT KAPTON ARAMID PET PEN PBO

DENSITY glcm3 1,420 1,500 1,395 1.355 1.54——
M E L T I N G  T E M P ‘c ““-NONE NONE 263 272 NONE— —
GLASS TRANSITION TEMP ‘c 350 280 68 113 NONE—
YOUNG’S MODULUS kg/mmz 300 1ooo- 5oo- 650- 4900

2000 850 1400

TENSILE STRENGTH kg/mm2 18 50 25 30 5643._..
TENSILE ELONGArlON 0 / 0 70 60 150 95 1-2

—
~.ONG-TERM HEAT STABILITY “c 230 180 120 155 >300
— _—— —
HEAT SHRINKAGE (200”C x % rein) %0 0.1 –  0 . 1 5-1o 1.5 <0.1

.—. —- .—
COEFFICIENT OF THERMAL ppmlOC 20 15 15 13 -2
EXPANSION —.—
COEFFICIENT OF HYDROSCOPIC ppml% RH 20 18 10 10 - 0.8
EXPANSION

MOISTURE Absorption 0/0 2.9 1.5 0.4 0.4 0.8

Table 2: comparison of a variety of polymeric films

The chemical smthesis  of P130 results in a 1.C3’ solution that is processed to fiber or film by various
techniques. The high strength and superior physical properties of PBO are due to the rod-like nature of
the PBO molecule (Figure 3) and the orientation that can be built into the Polymer film. P130 film’s
self-reinforcing microstructure results in a “molecular fabric” with properties comparable to those of
advanced, fiber-reinforced materials, but without the drawbacks of distinct fiber and matrix
components. This polymer has no melting point or glass transition temperature.
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PBO CARBON
HIGH SPECTRAQ (Hl- GLAS

PROPERTY PBO MODULUS ARAMID STEEL (HDPE) TENSILE) (s-2)

TENSILE STRENGTH (ksi) 820 800 400-500 250 435 500-700 665
— — .

TENSILE MODULUS (Msi) 25-30 40-45 10-25 29 25 30-40 12.6
—
COMPRESSIVE 40 ““ 65 65 250 10 300-400 >150
STRENGTH (ksi)
— .——..
ELONGATION, BRE.AK  (’Yo) 3.0 1.5 1.54.0 2.0 3,5 1.5-2.0 5.4
— ..— —.

DENSITY (g/cc) 1.56 1.56 1.44 7.86 0.97 1.8-1.9 2.4
. ——
SPECIFIC TENSILE 525 510 280-350 32 450 270-380 280
STRENGTH (ksi)
——
SPECIFIC TENSILE 16 26 7-18 4 26 16-22 5
MODULUS

.—. —
LIMITING OXYGEN INDEX 56 56 30 19 50-65
(1-01:  %)

Table 3: Comparative data for high performance fibers

b. crystallization of PLZT at Lower Temperatures:

Rapid thermal annealing (RTA) using localized laser annealing to obtain crystallization of
the desired piezoactive  phase of PZT/PI.ZT at temperatures even lower than 550 C will be
investigated. This will further reduce the constraints on the requirements of the flexible substrate
and widen the choice for selection of flexible substrates.

c. lamination onto Selected Flexible Substrates:

i. Bonding of films, previously delaminated from elsewhere: Piezoceramic  films deposited
on the known high temperature substrates (e.g. alumina or silicon) would be delaminated afler
crystallization by controlling the adhesion of the film onto the substrate. The delaminated
piezoceramic  film would then be mounted/bonded onto the selected flexible substrates.

ii. Thinned Si/SiN Substrates: Another approach to be performed in collaboration with Dr.
Susan ~’rolier  Mckinstry  at Penn State is to deposit the piezoceramic  thin film on thinned Si/SiN
wafers and then bond these structures onto the flexible substrates. During  phase 1 the feasibility of
using rnicromachined  diaphragm and cantilever structures as mechanical amplifiers for thin film-
based actuators in flexible structures will be determined, The approach taken here will be to
fabricate the piezoelectric  thin films on platinum-coated silicon substrates, micromachine  them to
achieve mechanically-amplified displacements, and dice out individual elements for incorporation
onto the flexible substrate(with  no special requirements for high temperature capability). This
enables the piezoclectric  film to be processed under conditions in which large piezoelectric
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coefficients have already been demonstrated (ct33 = 70-220 pm/V, -d31 = 80 - 100 pm/V in
undoped PZT). It also eliminates problems associated with firing a polymeric substrate material
at high temperatures (> 5500C in an oxidizing ambient).

An assessment of the most promising of the above three approaches will be made in phase 1 and
the most promising approach pursued in Phase 2.

6.3 Optimization of the Piezocermnic  films by Multi-Magnetron Sputtering: T h e
technique]G  (earlier patented by Sarita  Thakoor) of multiple-sequential-target sputter-deposition,
compatible with low temperature microelectronic processing, holds promise for deposition of films
with tailored composition and will be extended for deposition of the rnulticomponenl  oxide
piczoceramic  films of lead lanthanum zirconate  titanate (PLZT).  This technique by providing better
mixing of the components and closer control over the solid state chemical reactions during post-
dcposition annealing, as each individual metal layer in the deposited multicomponent stack could be
effectively extremely thin (even a fi-act  ion of a monolayer) provides enhanced control over the
composition of the deposited film. The parameters from this multi-magnetron process can be easily
extended to the JVD process for high rate piczoceramic  film deposition patented by Jet Process
Corporation and therefore this collaboration will allow an easy transition of the experimental process to
manufacturing of flexible microactuator structures by JPC’s manufacturing process.

The film quality improvement will be achieved by combining the following:

(a) Optical quality enhancement: The defect density in a thin film coutd be lowered by over
an ordcr]*>*9 of magnitude, thus reducing scattering losses that are common in the ceramic wafer.
Fibwre 4 shows a comparison of the scanning electron micrograph pictures of ceramic (figure 4a) and
optical quality (figure 4b) layers, Also the optical absorption coefficient in a thin film could be
tailored to be almost 20 0/0 higher than that in the bulk materials. An order of magnitude better
absorption is expected in the thin film compared to the ceramic wafer leading to a
correspondingly higher elllciency.

Figure 4: A comparison of the scanning electron micrographs of ceramic (figure 4a) and
quality (figure 4b) PLZT layers.

optical
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(b) Polarization Direction and Intensity optimization: Photoresponse from ferroelectric thin
films of lead zirconate  titanate (PZT) is showr?”~] to be maximum when the electric field vector
associated with the incident light is parallel to the c axis in the material.

PHOTOEFFECT ))

PREDOMINANTLY
AT THE EDGES

TOP  ELEcTRODE (SEMI-TRANSPARENT)

b. PIEZOELECTRIC FILM

BOTTOM ELECTRODE

TEMPL/TE LAYER

(a)

o HYPOTHESIS: EFFECT WOULD BE MAXIMUM FOR NORMAL INCIDENCE OF PHOTONS
WHEN C-AXIS IS F’ARALLEL  TO SUBSTRATE

Figure 5: (a) PZT Thin film Capacitor where PZT has its c-axis oriented perpendicular to the
substrate, (b) Conceptual design of a PZI” capacitor with c-axis parallel to the substrate whtch  is
expected to maximize the photoeffect.

In fact, the observed small effect from the edges of the ferro-capacitors  as shown in figure 5a
(with c axis predominantly perpendicular to the substrate) was primarily attributed to the domains
which had some angular variation (estimated to be in the range of+/- 10 to 15 degrees) with respect to
the substrate perpendicular. Such photoeffects  are known2z to exhibit enhancement by over an order
of magnitude when the alignment of the incident E field with the c axis changes from nominally 10
degrees to - fully parallel. Piezoceramic PLZT is also ferroelectric  and therefore the photoddlection
efiect is expected to be maximum when the photonic electric field is parallel to the spontaneous
polarization in the ceramic (namely, the c axis,), optimization of the angle of incidence and tailoring the
direction of spontaneous polarization in the ferroe]ectric  will lead to maximum interaction with photon
incidence and thereby maximum photodeflection. This optimization (shown in figure 5b) will
allow design of a himorph with another order of magnitude enhancement in eflkiency.

(c) Optimization of the Optical Penetration 13ffect: Since the absorption of the illumination
occurs in at the most 1 to ) O micron skin of the piezoelectric  material facing the illumination, the
photovoltage  generation is expcctcd2s to be entirely located in this thin top skin layer. Using a
film thickness equal to this penetration depth ensures that the entire film is active. In a ceramic
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typically -200 micron thick, almost 95 ~0 of the bulk is an inactive mass to be moved. in films,
therefore significant ly larger displacements are expected.
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FLEXEILE  MiCROACIUATOR

ceramic thickness: 200 micron film thickness: 2 micron

(a) (b)
Figure 6

Figure 6a and figure 6b compare a ceramic bimorph and a flexible film bimorph. The
table 4 below shows the projected parameters of improvement. The numbers in this table are
evaluated based on using a 200 micron thick typical ceramic wafer as the current state of the
art and a 2 micron thick film as the projected flexible film bimorph. Such a film bimorph
activated with 5 V will have - 25 times higher energy density than the ceramic bimorph  that
requires -100 V. In turn, although the net force output from the bimorph will be 20 % of that
from the ceramic, the force /voh]me will be five times higher. Correspondingly, in the case of
optical actuation, the film bimorph  is projected to deliver force output 2-20 times that of the
ceramic due to the enhancement in conversion efilciency  (expected value - (10/0 - 10O/O). This will
result in an enhancement of force per unit power by 20 to 200 times. Obtaining the optical
performance enhancement in input photonic power to output mechanical force will as indicated
provide a substantially enhanced bimorph. Ilemonstration  of this matrix of improvement will set
the foundation ofphotonic  control of mechanical motion.

6.4 oplical  Activation Study: The exact relationship between the photovoltage,
photodeflection, and the illumination intensity will be established to identi~  the deflection saturation
point and limits of the design  parameters for a mobility application. The illumination sources to be
used for these photoresponse measurements include a 355 nm, compact Nd-Yag laser and a short arc
(300-600nm) mercury lamp, with a spectral line filter allowing illumination at 360nm. Guided by the
results of the work items 6.1 and 6.3 on optically actuated structures, thin film photostnctive materials
will be prepared by the selected techniques that provide the compositional fidelity required to permit
rapid prot otyping of the optimized compositions of PLZT to form flexible microact  uat ors. ‘l’he
amplitude and the speed of the photostrictive  response will then be examined on the film bimorph
versions that will be fabricated using the selected approach of 6.2. Clearly, optimization of the flexible
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film microactuators  will be dictated by the results of the bulk ceramic optimization (as described in
Section 6.1 ).

—,
Current Status P r o j e c t e d  i m p r o v e m e n t  —

Ceramic Jlimorph F i l m  Bimorph— .

E1.ICC’I’RICAI. ‘Jlickness 200 microns 2 microns: Thickness reduced,
ACTIIATION m a t e r i a l  t a i l o r e d
PARAMETIHW

Operating Jroltagc 100 v 5V: Operational voltage reduced

Energy Density lx 2S X : Inherent advantage of
reduced thickness

Force/F;nergy SF F

Force/Volume lx 5X enhancement for film bimorph
. —

OPTICAL Optical Power 80 mW/cn12 8 nlW/ cn]2 : Illumination Intensity
ACT[IATION reduced by 10 times
PARAMETERS Power Ratio 1 ox lx

Photonic to
Mechanical 0.1 v. 1  “ / 0 -  1 0  0 / 0 : significant
Energy Conversion enhancement in
Efficiency overall dliciency

Force /Energy F 2F to 20F : Multifold
enhancement in the
film bimorph

Force /Power 1X 20X to 200X
— — .

TABLE 4: Flexible film microactuators,  matrix of improvement

6.5 Demonstration of Advanced Microactuation of a Film Bimorph:  In this
subtask, the enhanced microactuation  triggered by both electrical as well as optical activation will
be demonstrated on a thin film bimorph structure (Fig 6. b), One of the applications highlighted in
Section 1 will be selected for demonstration as a proof of concept. For example, application of

15



BASIC PRINCIPLE
ALTERNATING
DEFLECTION

OF INDIVIDUAL
BIMORPH DEVICE

CRAWLER TYPE
TRANSLATIONAL
MOTION OF TWO

LEGGED BIMORPH
DEVICE

BEAM 1

1

I BEAM 2
I-\/-v+ /’\ 4Tul-\e/-.

l \
/ \\

2“ 1

ALTERNATING PHOTODEFLECTION OF
THE BIMORPH WHEN ILLUMINATED
WITH ALTERNATING LIGHT PULSES
FROM THE TWO SIDES

nBIMORPH ; BIMORPH
@ LEG 1 ~ LEG 2

o n
Figure 7

an alternating voltage would generate a vibratory motion in the bimorph. On the other hand,
vibratory motion of the bimorph could be optically triggered by using a two beam arrangement to
alternately illuminate the two sides. Quantitative measurement of the deflection will be done
using the optical spot deflection technique and a Polytec  lnc (P]) Laser Vibrometer.  The laser
vibrometer  utilizes a Mach Zehnder  interferometer in conjunction with the l>oppler  shifi
measurements to evaluate the velocity as well as acceleration of the deflection, thereby allowing
determination of force. As an example of mobility, a motion sequence for a two legged crawler
is illustrated in figure 7. Initially light is incident on leg # 2 from inside (Ieil) so it nloves/bends  to
the right. Following light incidence on il 1, makes it deflect to the right too. In the next step
light is incident on both legs fi-om the right causing both legs to straighten and making the head
move to the right. An appropriately sequenced electrical trigger signal could also generate the
bimorph leg motion.
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7. TASK,$’:

Proof-of-concept demonstration of flexible actuators in year 1 and demonstration of the potential
of the selected I>ARPA application in year 2 is the focus of this proposal.

l’llASIC 1 (I) IJRATION  1 }713AR):

This proposal gives a detail of the approach for Phase 1 which will specifically be divided into
following subtasks:

●

●

●

●

●

●

●

investigation/Optimization of optical actuation in ceramic bimorphs:  This will be done in
collaboration with Penn State (~r Kenji Uchino) on ceramic bimorphs  according to the
approach detailed in Section 6.1 to determine the outer bounds of the phenomenon of
photoactuation  and will lead to detnonstration  of optimized photodeflection  in ceramic
bimorphs.

l~abricate  flexible mic.roactuator  test structures by depositing single layers of piezoceramic
film on selected flexible substrates utilizing the four distinct approaches detailed in Section 6,2
in collaboration with Jet Process Corporation (Takashi Tamagawa)  and Penn State (Susan
Trolier Mckinstry).

Characterize flexible mic.roactuator  test structures for their performance both by
electrical and optical activation utilizing measurement techniques at JF’L and Penn
Stale.

Optimize electrically and optically driven flexible microactuator  for higher deflection and
force/power ratio as detailed in Section 6.3 and 6.4.

Demonstrate improvement projected for single layer film bimorph  in table 4 using the
approach described in Section 6.5.

Identification of a ~ARPA  -relevant application scenario to showcase impact of flexible
microactuation  .

Form firm alliances with industry (Large  Business) for follow-on Phase 2 : Sarita
Thakoor is in communication with 1,ockhecd  Martin, Rockwell, and VARITY Kelsey-}layes
to obtain their commitment in leading the flexible microactuator development for advanced
mobility applications in the following phases. Members at each of these companies have
expressed substantial interest in the concept. JPC and VARITY Kelsey Hayes (letters of
support attached pp 22, pp 30 respectively) indicated their readiness in providing us
infrastructure support in their respective areas.
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PIIASE 2 (D1JRATION :1 YEAR)

The outline of the second phase is as follows:

. J)esign innovative mechanisms for mobility emulating biology utilizing the data obtained
from flexible microactuator test structures in Phase 1 for the applications selected in Phase 1.
This activity will be performed at JPI, in collaboration with Dr. Bob Full at UC Berkeley

. Nabricate flexible microactuators  optimized structures. This will be done in collaboration
with JPC (Takashi Tamagawa)  and Penn State (Susan Troiler-Mckinstry).

. integrate flexible microactuators  to form mobile elements. This will be done at JPL
in collaboration with the Large Business/es for the selected application.

● Demonstrate the performance of the flexible mobile element . This will be done in
collaboration with the identified Large Business/es

PIIASIC  3 (l)lJliATION 2-3 YEARS):

. I)emonstrate prototype of an insect explorer for the selected IIARPA relevant application.

8. COST ESTIMATE:

Phase 1 (Year 1): JJ’1., 1.6 WY(includes  procurement to JPC for depositions and travel
costs for consultant at UC Berkeley) : 256 K
Penn State (lJr. Kenji llcbino): 64 K
Penn State (Dr. Susan Trolier Mc.kinstry): 20 K

Total 340 K

Phase 2(Year l):: JPL, 2.8 WY : 464 K
Penn State :  1 4 4 K
lJC Berkeley : 72 K

Total: 680 K

in addition, team members JPC and VARITY Kelsey Hayes will contribute their
infrastructure support to this development effbrt (refer pages 22 and 30 respectively)

Phase 3: TII13



The deflection measurement will be done using the optical spot deflection technique and a
Po]ytec P]., Laser Vibrometer and both equipmcnl  are in place in Division 34 and 35 respectively
at JPL, The Polytec  PI manufactured laser vibrometer together with the auto-tracking optics and
a fast data acquisition system designed by NA’SA LeRC are available. The whole system is
compact and portable, allowing on-site measurements in conjunction with several different types
of applications. ‘Jle optical sources required are also available in Div 34 & 35 of JPL. The
deposition of piezoceramic  films on flexible substrates will be done in collaboration with Jet
Process Corporation (letter from JPC attached, page 22). Piezoceramic  characterization
techniques and measurement techniques existing both at JPL and Penn State will be utilized.

10. RE,$’UMES:

Sarita Thakoor,  MS, MPhil in Physics from Univ of Delhi India (1977, 1979), Member
of the Technical Staff at JPL will lead this eflort. She has been involved at JPL/CAI.T13CH  for
the last twelve years in the R & D of a variety of novel thin film memory devices for neural
net works, non-volatile ferroelectric  memories, and microactuators for robotics and active control.
Within the last six years, she has taken a lead role in piezoceramics/ferroelectrics  and
created/conceptualizeci  innovative designs of piezoceramics  based devices/applications, in
particular flexible rnicroactuators, She holds five patents including three on device designs for
ferroelectric  memories and electro-optically  addressed devices with non-destructive readout. She
has published over 18 refereed articles and made 30 conference presentations. She serves as a
member of the editorial board of the journal “integrated Ferroelectrics”  and a member of IIW3.
She is a recipient of over twenty certificates of recognition/awards from NASA fc]r new
technology innovations. }ler current research interests include ferroelectric and piezoceramics  for
robotics, micromobility, biologically inspired advanced mobility, microactuators for shape
control and biomedical applications, sensors, and non-volatile memories. ( fhrther detailed resume
pp32-36)

John Michael Morookian  received the B.S. degree in 131ectrical  13nginecring  from the
lJniversity  of Southern California, Los Angeles, California and subsequently assumed a full-time
position at the Jet l’repulsion laboratory, California Institute of Technology, Pasadena, California
in May 1991. During his four years as an undergraduate at USC, he worked at the Center for
Laser Studies, furthering research in optical memory systems, power-by-light applications, and
optical Code Division Multiple-Access (CDMA). lle has co-authored several papers on these
subjects.  He came as a summer student in 1990 to JPL’s High Speed Optical Systems Group,
Section 341, where he designed an autocorrclator for measuring sub-picosecond optical pulses.
J IC has worked at the JPL assisting with the analysis, design, and construction of an optical
CDMA scheme, including a femptosecond laser pulse source, optical non-destructive readout of
ferroclcctric  memories and recently set up spot deflection technique for measuring deflection.
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Mr., Morookian is a member of the lJSC Ihginecring  Honors Group, Alpha I.ambda Delta, and
Tau Beta Pi.

Abhijit Biswas, l’hl)  will be responsible for laser vibrometry.  He is currently a member
of technical staff with the Microgravity  Research Group at Jet Propulsion Laboratory (JPL). He
has a Ph.D. awarded by the Molecular Science Program, and a MS degree in Ihgineering
Mechanics & Materials from Southern Illinois llniversity at Carbondale,  Illinois. Ilis 13achelor’s
degree is in Metallurgical l%gineering  from the Indian institute of Technology. He has over 30
publications and has served as PI and CO-PI for lJS Army Research OffIce grants. He was
recipient of a National Research Council Associateship, He is an active member of the Optical
Society America,

Andre H. Yavrouian  MS Organic and Polymer Chemist~,  University of Sofia 196S.
Analytical Chemistry Group Supervisor whose contributions include evaluation, characterization,
qualification, and testing of materials for a variety of applications that include planetary balloons;
adhesives for militaly  applications; Wide Field Planeta~  Camera and various other flight projects;
propellants for Mars Observer, Galileo, and TOPEX; hybrid fluorocarbons for use as artificial
blood substitutes; Saran Carbon for sorption cryocooling;  fuel additives to suppress post-crash
aircrafi fires; pharmaceuticals and biomedical chemicals. He also has extensive experience in
polymer synthesis including acrylic-based polymers for water purification, polyurethane for
electronics parts encapsulation, and polymerizable  ~JV absorbers for solar cell encapsulation. He
has over fifty patents and technical publications to his credit.

RWSLJM13S  of other team members and their respective support letters are attached (pages
22-31)

11. REFERENCES:
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-~ Thin films by the jVDm process

August 27, 1996

Ms Sarita  Thakoor
Jet Propulsion Laboratory
MS 303-308
4800 Oak Grove Drive
Pasadena CA 91109-8099

Dear Santa:

I’d like to express again my appreciation for our recent discussions on concepts
fox flefible actuators andconcepts foradvanced mobility using piezoelectnc  cermtic
tin films such asthose inthelead lanthanum zirconate  titanate (PLZT)f*ly. The
idea of fabricating bimorph structures using thin ceramic films on polymeric
substrates will have many applications. .Jet Process will therefore support your
DARPA proposal on flexible microactuators,  as it is synergistic with a number of
programs already in pro~ess as well as proposed at the company.

Jet Vapor Deposition has the advantage of being a high rate, manufacturable
process for ferroelectric materials, and therefore has potential applications in thin
film actuators employing such materials. We would be happy to work with you to try
to reproduce compositions optimized for actuator applications with the JVD process,
using data obtained by JPL from your patented multi-magnetron sputtering
technique. This composition optimization /reproduction will be part of a collaborative
Phase I etiort.  In Phase II we will be willing to collaborate with JPL on fabricating
prototype single elements and demonstrating useful large deflections with the
composite structures.

Corporate cost sharing by JPC is a possibility that will depend among other
things upon the evaluation of the business opportunity at a later stage of the project.
Given the current lack of high rate thin fdm processes for ferroelectrics.  we view the
area of flexible actuators as one with potential for commercialization of our
proprietary JVD technology.

Sincerely,

Takashi Tamagaw~
Member of Research Staff

.2Z”

24 Science Park, New Haven, ~ 06511 lel: 203.777-6000 ● Fax: 203-777-6007
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August 27,1996

Ms. Sarita Tlmkoor
Jet propulsion Laboratory
MS 303-308
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Scniot Resemh Acsccinre  and
Dinxror, Ccrm for DieSecu-ic  Studies
s14-865.1638

Sci.Joo Jmsg
,%ssocistc  Pmhx.sor of Marcrid$
S14-S65-6992

Robert F. NcwrAam
AIcm FTofesuor  of Solid Srnrc
Science: S14-865-1612

Cllvc Randall
Associnre Professor of Mmahls
814-S63-1328

llsomas  R. Shrout
Associ.stt  bfessor  of Manxirds
8]4-S.6$-164S

William D. Taylor
Acting Dlrccror  of hrerco]bgc
Mm.rhls  Ros.carch Laboratory
s]4.865-3S20

Susars Trolier-McKhsstsy
Assistant Professor of &ramic
Scitfice and M@wering
s14-863-834S

Shoko YoshWmva
Remarch Sclentin
8I4-S63.1096

@lining Zlsang
Associme Psdktsor of Marctials
S14-S63.8994

Sub: DARPA PROPOSAL on “Flexible Micxoactuators”

Dear Ms. I%akoor,

With reference to our discussion at the ISAF on your concept of flexible
micro actuators, I will be delighted to participate as a collaborator on your
proposal to DANA on this subject.

In particular, Penn State will participate on the subta.sk for investigation and
optimization of the photoactuation effect in piezoceramic  wafers. I, Kenji
Uchino,  a discoverer of the photostictive effect in PLZT (lead lanthanum
zirconate titanate), and Director of J.ntemationd Center for Actuators and
Transducers, Materials Research Laboratory at The Pennsylvania State
University, will provide the following spectrum of birnorph samples for this
investigation:

. varying thickness of the ceramic wafer

. composition veriation and selected dopants to tune wavelength
response and enhance the effect
variation of orientation of polarization axis
variation of surface roughness of samples

The cost extimate for this activity at the International Center for Actuators and
Transducers at Penn State will be $64K for a duration of one year.

Thank you for inviting Penn State to participate as a collaborator in this
project. We look forwrd to the opportunity to investigate pho~oactuation for
development of optically activated flexible microactua[ors through this
proposed effort.

Yours sincerely,

IGmji Uchino
P~ofessor and Dimcxor,  ICAT

PENN~ATE
I

I
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Kenji Uchino

professor of Electriml  Engineering
InterCollege Materials Reseamh Laboraaxy

The Pennsylvania State University
University Park, PA 16802

PbJ1.,  Physical Electronics, Tokyo Institute of Technology, Tobo.  JWZLII, 1981
M.S. Physical Ehztronics.  Tokyo Institute of Technology. ToWO,  Japm 1975
IJ.S. Physics, Tokyo Institute of Technology, 1973

Dm:ror  of the Immational Center for Actuators and “kmsdwrs,  lle Pennsylvania State University, 1992-
Profr.ssor  of Eleazical  Engineering, The Pennsylvania Srate  University, 1991-
Vie PresidenL  NF Electronic Instruments, State college, PA, 1992-94
Associate Profmor,  Faculty of Scienc& and Technology, Sophia  University, Tokyo. JapnrI, 1985-93
Professional Commit~e  Member of Space Shuttle Utilizing COmmitW  ti NASDA, Japan, 1986-88
Research Associate, Marerials Rewwch, Tle Pennsylvania State University, 1978-80
Research Associate, Tokyo Institute of Tczhnology, Tokyo, Japm. 1976-8S

Japanese Technology Ttartsfer Association, MITl (Chain.nant Society of Srnm ActuatorsAensors); ~rican
Ceramic Society; D3EE; Matcrkl.s  Resua  Society: New Yofi AC~CMY of s~en~: C-C S~~CY  of Jap:
Japanese Society of Applied Physics: Executive Assockm Editor of ~ Per orrn@ate qflk (lUUwer
Academic); Editorial Board Member of EmWIKKK“ ~ (Gordon and Brea@,~ (MYU),  &xlw
Mwiiils_ansiWum  OW: LJmllim  MwiakSY .~-s~ (V’m LEwwmum“ (Khmer
AG&lTdc)

Solid state physics, especially in femelectics  and piezoelectics,  including basic research on tnauxials,  device
designing and fabrication prcm%s, as well as applirational  development of solid state actuacorsknsors  so precision
positioned, ultrasonic morom smart stnrcture~  etc.

Outstanding Research Awa@ Penn Stare Engineering, Society (1996); Highlight Topic Lecture. International
Mechanical Engineering Congress and Exposition, American Society of Mechaoiea.1 Engineers (1994); Honorary
Member, KERAMOS  (National Professional Ceramic Engineuing  Fraternity) (1993); Academic Scholarship, Casio
Scicmific Foundation (1990); Academic Scholamhip,  Nissan  Motors Scientific Foundation (1990); Best Movie
Memorial Award JaparI Scientific Movie Festival (1989); BW Papsr Awar& Japanese Society of Oil/Air Pressure
&mtI’ol  (1987)

&k2cl@?llblk21kKIs  (from x total of 244; 11 parrnm 24 pending)

K, Uchino,  ~~.- Morikita  Publ. Co., Japan (1986),
K. Uchino, ~~ Morikha Publ,  Co., Japan (1991).
K. Whine, “Rmmmictive  Actuators: Materials and Applications,” CmmkBdL fiX4):@7-652  (1986).
K. Uchino.  “WMasonic  Motorx.”  J_&EMMU& 55(3):51-56  (1989).
K. Uchino.  “Micro Mechanism Using Piezoelectric Devices” ~A(4):l19-121 (1990).
K. Uchino, “Ceramic Acuamm I%ncipks and Applications,” ~M(4):42~8 0993).
K Uchino, ~amks Mat. Sci. & Tech., Vol. 11, Chapter 12, VCH Fltbl., FRG (1994).
K. Uchlno. ‘Wmm-optic  Ceramics and Their  Display Applications ~2k309-315 (1995).
K. Uchino. “New ApPlimtions  of pbotosrnct.iom”  Inrwa@s~ 1:11-22 (1996).
K. Uchino, ~~, Kluwer  Academic pub!.,  US (1996)
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PHONE  (814) 863-834.9
FAX (814) S65-2326
EMAIL  stml @alpha mrl,psu.edu

SWM Tlolier-McKinj~
Matcria]s Science and Engineering [
149 MMCIW  Research Labornto~
The Pennsylvania fitarz  University
Univwity  Park, PA 16802

August 28, 1996

$arita Thakoor,

I am enthusiastic about contributing to the DARPA proposal being submitted by the let
Propulsion Laboratory on flexible microrictuators. Since, piezoelectric materials provide a
combination of high force and simple drivdcontrol circumy, they arc quite attractive for
miniature transducers. In addition to the mobile  “insects” being proposed here, the
technology dcvclo~d  in this program would also be attractive for a wide variety of
micropump and rrucropositioning  applications.

At Penn State there is a long history of work on ferroclectric actuators in both bulk and
thin film form. In particular, the ferroelectrics group at the Pennsylvania State University
Materials Research Laboratory has extensive experience in the preparation, characterization,
and modeling of normal and relaxer ferroclcctric  materials, My specialty is in tic deposition
and characterization of thin film ferroics for electromechanical applications. As an example of
this, I arn now working with the Army Research Laboratory at Fort Monmouth,  Ncw Jersey
to establish them as an infr=txucrure  site for lead zircon ate titanate (PZT) films for MEMS.
My group is currently studying domain wall motion, stress effects, reliability, and aging
issues in PZT film-based actuators. we also recently demonstrated a 0.2S% strain in oriented
PbZr03  phase switching films.

The Penn State contribution to the program in the first year includes assessment of the
possibility of using micromachining  techniques in silicon to prepare piezoelectricrdly-actuated
thin films for miniature transducers which could easily be embedded in a flexible stmcturc. h
subsequent years, work on preparing devices and maximizing the electro-mechanical actuation
will be performed. It is estimated that $20,000 would be used in the first year, with
$80,000/year for Phases 2 and 3,

Sincerely,

/LQ-% &L,.777fLx5
Susan Trolier-McKinstry

An Fqual Opportunity University

--jE -
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Susan Trolier-McKinstry
Assistant Professor of Ceramic Science and Engineering

Intcrcdlege  Materials 12csearch  Laboratory
TM Pennsylvania Sta(c University

university Park, PA 16802

Ph.]:),, Ceramic Scicnec,  The Pennsylvania Ste[c University, 1992
M, S,, Ceramic Science, The Pennsylvania State University, 19g7
B. S., Ceramic Science and Engineering, The Pennsylvania State University. 1987 (honors)

Assistant Professor, Ceramic Science and Engineering. The Pennsylvania State University, 1992-
Visiting Scientist, ECOIFI Polytechnique  Fedcralc  de Lausanne,  Summer 1996.
Summer Research Faculty Fellow, Electronic and Power Sources Directorate, U.S. Army Research Labs., Summer 1993
Instructor, Corning Jnc, Mawrials  Science Course on “Oxide Engineering,” 1990- .
Visiting Research Trainee, Hitachi Central Research Laboratory, Hitachi Ltd., Kokubunji, Japan, March-August 1988

American Ceramic Society; Materials Research Society: IEEE; Kmrnm (vice PrAkm Ihrmmr), American Society for
Engineering Education, ASh4

E1ectroceramics,  ferroelcctrics,  structure-microstrucwrc propeny relations in thin films, spectroscopic cllipsomctry

NSF CAREER Award; Graduam  Student Awrirds  from MRS and the Ametican  Ceramic Society; Xerox Awatd for Research in
Materials Science by a Master”s Degree Student; George Windlcy  Prim for Undergraduate Excellence in Crystal Chemistry

P. Aungkavattana,  B. Haartz, C. O. Ruud, and S. Trolier-McKinstry “In-Situ X-ray Studies of Phase Transformations in bad
Zlrconate  Titanate  71in Films During Annealing.” Thin Solid Films 268102-107, (1995),

K. Yamakawa, S. Trolier-McKinstry,  J, P. Dougherty, and S. Et. Krupanidhi,  “Roactivc Magnetron Co-Sputtered
Ansiferroe]ectric  Lead Zirconate Titanatc  Thin Films,” Appl. Phys, Le!t. 67(14) 2014.2016 (1995).

S. lrolier-McKinstry,  J, Chcn,  K. Vedam,  and R. E. Ncwnham,  “In-Situ Annealing Studies of SOI-C3CI  Fcrroelectric  Thin
Films by Spectroscopic Ellipsomcrry,”  J. Amer. Ceram. Sot. 78[7] 1907-1913 (1995).

G, R. Fox, S. Trolicr-McKinstry,  L. Casas,  and S. B. Krupanidhi,  “P~i/Si02/Si  Substrates:’  J. Mat, Rcs.  10[6] 1508-1515
(1995),

S. Ttolier-McKinsuy,  H. Hu and A. H, Carim, “Spectroscopic Ellipsometry  Investigations of Amorphous Silicon Nitride
~hin I?ilmsj’  J. Electrochcm.  Sot, 14 1;2483-2486 (]994),

S. TrcJiel-McKinstry,  H, Hu, S, Krupanidhi,  P. Chindaudom,  K. Vcdam  and R. E. Newnham, “Spectroscopic Ellipsometry
Studies on Ion Beam Sputtered Pb(Zr,Ti)03  Films on Sapphire and Pt-Coated Silicon Substrates,” Thin Solid Films
230;15.27  (1993).

R. E. Newnham and S, Trolicr.McKinsuy,  “Crystals and Composites,” J. Appl. Cryst. 23:447.457  (1990). .
S. E. Trolicr,  P. A, Fuirier,  S. Atkinson, J. f-i, Adair and R, E, NeWnham, “Dissolution of YBa2CU30(7.x)  in Various

Solvents,”’ Bull, Amer. Cerarn. Sot. 67(4):759-762  (198 S).
S, E!. Ilolicr,  Q.C. Xu and R.E. Newnham, “A Modified

Ferroclccttics  Freq. Control 35(6Y839.842  (19S8).
Thickness Exlensiond  Disk Transducer,” IEEE Trans. Ul!rason..
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Professor Rob@t  J. Full U.C. t3ERKELEY
Department of Integrative Biology
University of California at Berkeley
Berkeley, CA %720
Phone: 51 O-6@9896
FAX: 510-643-6264
Internet: “rjfull@garnet. berkeley.EDU

August 27, 1996

Dr. Sarita Thakoor
Jet Propulsion l-aboratory

“The U.C. Berkeley Comparative Biomechanics  Consortium is pleased to

assist the Jet Propulsion Laboratory in a project on flexible microactuation.

We will provide no cost consulting in Phase 1 during the design and fabrication

of the microactuator.  We would gladly be consultants throughout the project, In

Phase 2, we can provide biological inspiration toward the development of a

mechanism for advanced mobility. In particular, my research focuses on the

design of limb actuation in arthropods (insects and crustaceans). I am confident

that Professor Michael Dickinson will also be invaluable if aerial locomotion is

an objective (his research focuses on th~ control of flight in flies). We have

served in this role before (e.g. DARPA  funded Rockwell International -

Autonomous Legged Underwater Vehicle Project) and provided many design

ideas that have come diredly-.from  our basic research on animal locomotion.

Thank you.

S i n c e r e l y  rs,

@&

Robert J. Full ‘
Professor

+L7-
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CURRICULUM VITAE

Robert Joseph Full

Education
Ph.D. State University of New York at Buffalo 1984 M.A. State University of
New York at Buffalo 1982 B.A. State University of New York at Buffalo 1979

Professional Positions
Professor University of California, Berkeley 1995-
present
Associate Professor University of California, Berkeley
1991-1995
Assistant Professor University of California,
Berkeley 1986-1991
Post doctoral Lectureship The University of Chicago, 1984-1986 N.S.F.
Research Assistant S. U.N.Y.  Buffalo, Summers 1979-1984 Teaching
Assistant S. U.N.Y.  Buffalo, 1979-1984

Honors and/or Awards
Summa Cum Laude , S. U.N.Y.  Buffalo
Phi Beta Kappa , S. U.N.Y.  Buffalo
Presidential Young Investigator Award, NSF
Invited Scholar - Oklahoma Scholars Leadership Enhancement Program
Frontiers of Science speaker - National Academy of Sciences invited speaker -
National Academy of Sciences Annual Meeting 1995 G.W. Thorn Award -
Distinguished Aiumni,  S. U.N.Y.  Buffalo
Friday Evening Lecturer - MBL, Woods Hole

Selected Research Publications
1. Full, R.J.  and Blickhan,  R. and Ting,  L.H. 1991. Leg design in hexapedal
runners. J. exp Elio. 158, 369-390.

2. Full, R.J.  1993. Integration of individual leg dynamics with whole body
movement in arthropod locomotion. In: Biological Neural Networks in
Invertebrate Neuroethtology  and Robots. (eds. R. Beer, R. Ritzmann  and T
McKenna). Academic Press. Boston. pp. 3-20.

3. Full, R.J.  and Koehl, M.A.R,  1993. Drag and lift in running insects. J. exp Bio.
176, 89-103.

4. Ting,  L. H., Blickhan,  R. and Full, R.J. 1994. Dynamic and static stability in
hexapedal runners. J. exp Bio. 197, 251-269.
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Telephone 3137G9~
Fax 3139961301

8/27/96

sarita  ThakCmr
Member Technical Staff
Jet Propulsion bb
MS 303-308
4800 Oak Grove Drive
Pasaden%CA91109

Dear Dr. Thakoor:

With refkrencz  to our di-ion  at the ISAF on your concq of flexible microactuators, 1 will be delighted
to panicipate as a collaborator on your proposal to DARPA on this subjwt.

In partieuhr,  Varity Kelsey-Hayes  will be intcmsted  to provide Vehicle Stability Management and CINlision
Avoidance support dbstructure  for the demonstmtions of the micro ekctrohpt~mecba.nical  system element
in Phaw 2 and the proof of co~pt  system demonstrate ion in Phase  3.

Varity  Kelsey-I+ayes  has ken supplying big,, quality automotive components to the automotive market sincx
the tdy pm of this century. It pioneered and developed the first ABS(anti-lock  broke system) for automotive
applicxitions  in 1968. Today, the company is one of the largest entities in the world in r~g developing
and manufiwturing  ABS. In 1992, its annual sales exceeded $2.42 billion,

Vehicle Stability Management kin fit an extension of the ABS system and traction umtrol wmcepts. ?&
puqmw  of vehicle Stability Management is to improve a vehicle safkty in dynamic handing situations. We
can see potential applications like microactuaIor  for valve controller in the vehicle, and also ~mechanical
system in cdision  avoidance. I have &n working on piemelecr.rie  actuators for five years. I think
piezoelectric  actuators have a lot of potential to be microactuatm  in terms of amount of force genera@
m i nature size and response speed.

Thank you for inviting VaritY Kelsey-Hayes to participate as a collaborator in this project. We Iook forward
tc) the opportunity to develop flexible microaetuators based advanced micromobility  systems through this
pro~ed  effort.

Sincerely,

‘J+
/

Joe Ye
Senior Product Engimxr

c 30 “
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Joe Ye
Varity Kelwy-Hayes
2500 Green Road
Ann Arbor, MI 48105

Tel:313-769-2760 Fax:313 996

Work Experience: Variety Kelsey-Hayea
March 1996- Present
Se&x ProdIIet Er@ncxr

Delphi - E
July, 1994 -Feb, 1996

1301

Rcwtrch  arid Dcvelopmeot  in the awi of Vehicle Stability Management

Division of GMC

Education:

Awards:

Produet  Ettginexx. Design& Develop various types automotive SCZMW such as knock sensors,
pressure sxmors, crank spxcl  sensors, and rough road sensors.

International Center for Actuator & Tmnsducer Penn State Univ.
Au& ] 992- July, ] 994
ReseardI  assistant. Iksign new type ultrasonic motor and using simulation for
the OffIce of Naval  Research Project.

E]ectrid  Engineering Department Penn State Univ.
SepL 1992- Jan, 1993
Resxarch A&taut.  Neural nmork  and Fiber-optics Communication.

Zybron  Company Dayton, Ohio
Ju]y,  1992- !kp~ ] 992
Develop new Magneto-O@c  recording disk for Air Force Project. Familiar with
Multi-Magnetrom  Ion h and Laser Ablation sputtering method.

Corniug - China Televbioa  Glass Program Ctina
July, 1989- Aug., 1990
I?HS Engineer and Technical Liaison.

The Pennsylvania State Unive~ity University Park
Ph.D. candidate, major in Electrical Engincwing
M-S., major in Electrical Engineering May, 1994

Univemity  of Science & T~baology  of China China
B.S. major in Materials. July, 1989
Massach~setts  Institute of Technology. July,  1996
Completed a Summer Program in Microsystems

Recipient of DARPA (Defense Advamxd  Reseamh  Project Ageney) for
research project “ Smart materials as sensor & wtuator” 1992

‘Who is Who in Scienee  & Technology” 199s

Presentations: “Ring-type Ultrasonic Motor” IEEE, 1994
Wew Power Genemted Ultrasonic Motor” ONR workshop 1994
“Ultmscmic  Motor and Its Simulationw Am, 1994
‘Using PLZT as Spatial Light Modulator” Acers,  1994
‘Using photo sensitive material as actuator” Aeers, 1993
Acers(  American Cerzmic Sc&ty), ONR  (Off& of Naval Research)

--- %(---
-.



SARITA THAKOOR

Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Drive, Pasadena, California 91109

Ph. (81 8) 354-0862, M/S 303-308
sarita.thakoor@jpl. nasa.gov

EDUCATION:

M. Phil. (Physics) University of Delhi, India, 1979

“[dissertation Title: On the calculation of tunneling transmission coefficient for metal-
insulator-metal junction.”

M. SC. (Physics) University of Delhi, India, 1977
B. SC. (Physics Honcrs) University of Delhi, India, 1975

CAREER HISTORY:

June 1985- Present
Member Technical Staff, Jet Propulsion Laboratory, CALTECH

June 1984 - May 1985
Physicist, Jet Propulsion Laboratory, CALTECH

Aug 1980 - Jan 1982
Senior Research Fellow, Center of Energy Studies, Indian Institute of
Technology, New Delhi 110016, INDIA

Aug 1978 - July  1980
Research Fellow, Center of Energy Studies and Department of Physics, Indian
Institute of Technology, New Delhi 110016, INDIA

Aug 1977 - Juiy  1978
Research Fellow, Council of Scientific and Industrial Research, Department of
Physics and Astrophysics, University of Delhi, INDIA

CURRENT RESEARCH INTERESTS inc lude  microactuation/MEMS and its
applications to robotics and active control. Particularly, ferroelectric/piezoceramics  for
robotics, micromobility, biologically inspired advanced mobility, microactuators for
shape control and biomedical applications, sensors, and non-volatile memories.



RESEARCH EXPERIENCE:

Thin Film Techniques: Vacuum and e-beam evaporation, reactive magnetron
sputtering, CVD, electrodeposition,  photolithography, reactive ion etching

Characterization: Advanced structural, electrical, surface-interface and optical
methods of analysis

Materials: Perovskite Titanates particularly ferroelectrics, amorphous silicon,

tungsten oxide, superconductors, II-VI compounds

Electro-Chernistry: Coupled chemical electrochemical reactions,
chronopotentiometric and coulometric  techniques

Device Engineering/Innovative Concepts: Flexible microactuators, High
displacement slit actuator: 1. RAINBOW (Reduced and internally Biased Oxide
Wafer ) and 2. Double amplification bimorph-flextensional combination,
Piezoceramic bimorph as an optically driven cantilever leg, Optical Actuation for
Shape Control, High speed photoeffects, Applications of High Speed
Photoeffects for electro-optic computation, High Speed- High resolution
Diagnostic Technique for Ferroelectric  Thin Films, Optically propelled self
sustained vibrations, Miniature motor, 1 etherless Optically controlled Microrobot,
Embedded temperature sensor, High capacitance density thin films for
integrated circuit Systems, Novel thin film devices for electronic neural networks,
non-volatile ferroelectric  thin film memory devices, Superconducting NbN
junctions for c~uantum  mixers, CdS\CuxS  thin film solar cells

Marketing Initiative: Demonstrated initiative and competence in breaking into
the new area of ferroelectrics  and successfully obtaining continued funding for
the past seven years at JPL. Current goal is to launch Microactuation/MEMS
initiative at JPL and develop Miniature Inexpensive, solar driven autonomous
advanced mobility for Mars exploration utilizing innovative biomorphic control.

-3:B -



REFEREED PUBLICATIONS:

1. S. Saksena, D. K. Pandya, and K. L. Chopra, “Electroconversion  of CdS to CUXS
for Thin Film Solar Cells”, Thin So/id Fi/ms, 24, 223(1982).

2. S. Thakoor, J. L. Lamb, A. P. Thakoor, and S. K. Khanna, “High ‘rc

Superconducting NbN films deposited at Room Temperature”, Journa/  of App/ied
Physics,  58,4643 (1985).

3. S. Thakoor, D. M. Strayer, G. J. Dick and J. E. Mercereau, “A Lead-on-Sapphire
Superconducting Cavity of Superior Quality”, Journa/ of Applied Physics, 59, 854
(1{186).

4. S. Thakoor, H. G. LeDuc, A. P. Thakoor, J. Lambe, and S. K. Khanna, “Room
Temperature Deposition of NbN for Superconducting-Insulator-Super-conductor
Junctions”, J. Vat. Sci. & Tech. A., May-June A, ~ (3), 528(1986).

5. S. Thakoor, H. G. LeDuc, J. A. Stern, A. P. Thakoor, and S. K. Khanna,
“Insulator Interface Effects in Sputter-Deposited NbN/MgO/NbN (superconductor-
insulator-superconductor) Tunnel Junctions”, J. Vat. Sci. Tech. A, July/August ~ (4) F’t.
Ill, 1721 (1987).

6. H. G. LeDuc, J. A. Stern, S. Thakoor, and S. K. Khanna, “All Refractory
NbN/MgO/NbN Tunnel Junctions”, IEEE Transaction on Magnetics, MAG-23 (2) 863
(1987).

7. S. Thakoor, A. Moopenn, T. Daud and A. P. Thakoor, “Solid State Thin Film
Memistor for Electronic Neural Networks”, Journa/ of App/ied Physics, ~ (6), 3132
(1990).

8. R. Rarnesham, S.  Thakoor,  T. Daud, and A. P. Thakoor, “Sol id-State
Reprogrammable Analog Resistive Devices for Electronic Neural Networks”, J.
E/ectrochem.  Sot., ~~~ (6), 1935(1990).

9. S. Thakoor, “Non-destructive Readout (NDRO) from Ferroelectric  PZT thin
FilmCapacitors”, Ceramic Transactions: Ferroelectric  Films, Edited by A. S. Bhalla
and K. M. Nair (Published by American Ceramic Society, Westerville,  Ohio), 25, 251
(1991)

10, S. Thakoor, “High Speed, Non-destructive Readout from Thin Film Ferroelectric
Memory”, Appl.  Phy. Lett.  60, 3319, 1992.

11. S. Thakoor, “High Speed, Optoelectronic Non-destructive Readout from
Ferroelectric  Thin Film capacitors”, Ferroelectrics,134,  355, 1992.
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12. S. Thakoor, and J. Maserjian, “Photoresponse Probe of the space charge
distribution in Ferroelectric  PZT thin film memory =ipacitors” J. Vat. Sci.  &Tech  A, 12
, 295, MarlApril(l  994).

13. S. Thakoor, “High Speed, Optoelectronic Response from the Edges of lead
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